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IKTRCDTjCTION 
Conioosltg  Materials 

High  strength  conoosito  materials  have  gensrat-id  a  tremendous 
interest  in  materials  science  and  its  application.  A  ccmpcr.ibe 
material  has  been  arbitrarily  defined  by  Broutaan  (ISc?)  as  a 
material  that  nmstt  1)  bo  man-made,  iinlike  wood,  2)  be  a  ccribin-i- 
tion  of  at  least  two  clioptiGally  distinct  n:atorlals  irith  a  defined 
interface  between  then,  3)  be  combined  three -dimensionally,  which 
precludos  laminate  structures,  4)  have  pi'operties  not  exhiibited 
by  its  constituents  (e,£,  crdiibits  synorgisn). 

The  three  types  of  hetoregoneous  materials  which  comply  vri.th 
the  four  criteria  are:  1)  dispersion  hardened  alloys  (reinforcement 
size  0.01-0,1  microns,  up  to  fifteen  volume  percent  reinforcemont), 

2)  particle  reinforced  composites  (reinforGc;iont  size  greater  than 
one  micron  and  up  to  tvrenty-fivo  volume  percent  reinforcement), 

3)  filamentary  reinforced  composites  (filament  reinforcement  size 
0.1  to  500  /in  in  diameter,  from  10  /(m  to  10  Km  in  length  and  up 
to  seventy-five  volus.e  percent  reinforcement). 

Tile  filament  reinforced  composite  material  is  the  focus  of  this 
research.  It  is  a  two-constituent  system  (matrix  and  one  type  of 
reinforcement)  with  the  filaments  uniaxially  aligned.  High  strength, 
high  modulus  materials,  which  can  only  be  produced  in  filamentary 
form, are  incorporated  into  the  composite  to  provide  stiffness  and 
to  function  as  the  load  carrying  members  of  the  composite.  The 
matrix  serves  a  multi-fold  purpose,  to  provide  a  medium  for  transferal 
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of  tho  extoi'iuX  load  to  tho  filar.Gnts,  to  protect  the  filanonto  froTH 
contacting  ono  anolhor  and  p’.'ovido  a3if'nr:nt  to  tho  fila.nonts, 

Tho  ayatem  chosen  for  this  stray  is  the  boron-opoxy  cystom. 

This  ccnposlts  is  chosen  for  four  reasons;  1)  both  iMitoriala 
(epoxy  and  boron)  are  available  frexa  coTc-’.erclal  sorircss,  2)  boron 
is  one  of  the  most  prcwlsirg  of  tho  Mr.h  strength  roinforcenonts 
available  (ignoring  tho  cost  barrior)*  3)  the  systen  is  a  conner- 
cially  viab3.0  ccnbinatlon  (it  is  the  strongest  composite  currently 
ax^ailibla),  ^0  oxtcMSivo  laboratory  expericnco  has  been  gained  in 

this  systew  (Hoircbuch,  1970). 

Tho  purpose  of  this  research  Is  to  explore  a  ccncopt  for  tho 
Inprovenent  of  tensile  and  fracturo  toughrjess  propei’tles  through 
the  use  of  a  controlled,  intemittjnt.  Interfacial  bond  strength  of 
a  composite  raatorial. 


CliAPTER  I 


Lit  or  At  lire  Reviot-r 
I. A  Constituent  Properties 
I«A.l  -  Rolnforce’nents 

As  stated  in  the  introduction,  there  are  three  tyces  of 

coraposite  natorials.  Only  the  filamentary  composite  will  bo  of 

interest  in  this  rocaarch.  It  is  necessary  to  differentiato  the 

three  systems  of  filamentary  oempositosi  1)  whis'.cer  reinforced, 

2)  filament  (continuous  or  discontinuous)  reinforced,  and  3)  in  situ 

(off-eutectic)  cofiposite#  Thu  first  tvo  categories,  of  Interest 

here,  arc  produced  with  preformed  reinforcenonts.  The  third  typo 

is  grown  fron  the  nolt  using  directional  solidification. 

Whiskers  are  traditionally  single  crystals,  centainir^  few,  if 

any,  dislccatloi^s,  that  have  ona  principal  gro-.vth  direction,  and 

sono  are  tho  strongest  materials  knerm  to  man  (Herzeg,  15^7) »  The 

dianstor  and  length  ranges  fren  C,1  by  10^ m  to  10  by  lOCO  yUn, 

/l-rgth  \ 

thus  giving  an  aspect  ratio  'diameter'^  of  Although  metallic 

Whiskers  were  the  first  grown  and  possess  good  strength  character¬ 
istics,  they  suffer  fren  having  high  densities  and  lew  moduli. 
Ceramic  whiskers,  a-Al^O^,  SiC,  B^C,  EeO,  are  prefei*red  for 

reinforcement  because  of  their  outstanding  specific  strength  (^) 
and  specific  moduli  (-—)  •  Filaments,  in  contrast  to  whiskers,  are 
oiiiier  polycrystalHne,  amorphous,  or  a  canbination  of  both,  and  have 
dimensions  from  10-500  /<ra  with  aspect  ratios  varying  from  100  to 
infinity.  Table  I  includes  the  mechanical  properties  of  the  more 
important  filaments.  Table  I  also  compares  the  various  whiskers  with 
tho  weaker  continuous  filaments. 
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As  stated  before,  boron  filamonts  -wore  chosen  for  this  research. 
The  filaiaonts  wore  first  produced  in  1962  by  Texaco  Experinent,  Inc,, 
and  are  currently  boins  proluced  by  Avco  (Hassachuetts)  and  Hamilton 
Standard  (Connecticut),  The  boron  filaments  are  produced  In  a  vapor 
deposition  process.  Continuous  12  yC{m  diameter  tunssten  filaments 
are  drawn  thro’ijh  a  reactor  containlnfj  boron  tri-chloride  ard  hydro¬ 
gen  gas,  Eesistanee  hoatir^  of  the  filament  causes  the  foLlotTing 
reduction  reaction  to  occur* 

Heat 

2BCI3  +  SHg - ^  23  +  6HC1  (l-l) 

The  structuro  of  the  boron  filament  is  very  complex.  The  hot 
tungsten  fiber  reacts  */ith  the  boron  and  forms  a  brittle  tungsten- 
boride  compound.  This  transformation  of  the  tungsten  causes  the  core 
of  the  filament  to  expand  and  place  the  outor  sheath  of  boron  in 
residual  tension.  This  is  one  of  the  reasons  for  the  longitudinal 
cracking  found  in  this  size  filament.  (  See  Fig.  IV-28).  The  boron 
deposited  was  originally  thought  to  be  amorphous  (Tally,  1959),  yet 
more  recent  electron  diffraction  analysis  has  shovm  the  structure  to 
bo  very  small  0-fthombohedral  boron  crystallites  dispersed  in  a  matrix 
of  amorphous  boron  (Harmond  ot  ^,,  1966), 

The  mechanical  properties  of  boron  aro*  Xoung's  modulus  -  386 
GN  GN  Km 

m^,  tensile  strength  2,9S  ,  density  2,56  m*  (for  100  yi/m  diameter 

GN 

filament),  malting  point  2300°  C,  shear  strength  3«^7  t  shear 
GN 

modulus  181  i?  hardness  is  greater  than  9  Koh,  and  Poisson's  ratio 
is  0,21,  The  filament  can  be  obtained  in  either  100  or  140  micron 
diameter  continuous  filament. 
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Tho  throT  spoo3.s  of  boron  usefl  in  thiH  th'jcis  worn  obtained  frora 
Ayco  Space  Syytoms  and  {guaranteed  to  have  tho  follcwirr;  pro[>->rtio3i 


TADIE  1-2 

HSCHAtJiCAL  PR0P5ilTI£S  C?  AVCO  Ea^ON  {'T1AI2.^TS 


Property 

Spool  i'lurbir 

D11061 

D11C62 

YKC672 

Tensile  Strenj^th 
GN/m2 

3.00 

2.98 

3.70 

Elastic  Modulus 
GH/m2 

393 

402 

379 

Diameter 

102 

104 

141 

Density 

n3 

2.56 

2,56 

2.48 

IJL.2  -  ILatrlx  Properties 

The  second  constituent  of  any  compos ito  system  is  the  matrtx. 
The  thMo  major  types  of  matrices  are  polymeric,  metallic,  and 
ceramic. 

Table  III  Is  IncliuJed  to  show  the  different  matrix-roinforce- 
■ent  combinations  for  comparison  (Sutton,  1966),  Epoxy  matrtces  will 
be  discussed  In  detail,  since  they  alone  are  relevant  to  the  present 
study. 

Epoxies  are  among  the  most  widely  used  matrix  materials  In  com- 


CaiPOSITE  MATERIAL  PROPERTIES 
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poaite  technology.  They  are  strong,  rigid,  easy  to  fabricate, 
produce  no  by-products  and  are  relatively  Inexpensive,  but  they 
do  have  limited  high-temperature  use  (<  400®  F) .  (Modern  Plastic 
Encyclopedia.  1971).  The  epoodes  are  a  family  of  thermosetting 

polymers  characterized  by  the  epoxide  rings  (-CH - CHg)  and  a 

two  stage  polymerization  process  (Lenz,  1969).  The  first  stage 
of  polymerization  produces  a  linear,  low  molecular  weight  poly- 
ether,  (This  condition  is  known  ccmraercially  as  "B-stage"  epoxy 
and  Is  the  "as  received"  condition  for  pro-impregnated  (Prepreg) 
boron-epoxy  or  carbon-epoxy  composite  tape.)  The  second  stage 
eross-Unks  the  short  polyether  together  into  three  dimensional 
polymers  as  explained  by  Broutman  (1968). 

The  particular  epoxy  used  in  this  research  is  Shell  Epon  628, 
which  is  a  low  molecular  weight  opichlorohydrin/blsphenol  A  type 
(DGE6A)  epoxy  resin.  The  chemical  structure  of  this  epoxy  isi 


0  ^3  ^3 

CH^l-^CH-O-Q-C-O-O-CHg-CH-CH^-O-O-C-O-O-CH^-C 
- —  CH3 


(1-2) 


The  epoxide  rings  are  the  underlined  endgroups  and  are  the  active 
sites  for  the  molecule.  The  resin  has  a  room  temperature  dynamic 
viscosity  of  IO-I6  hS/n^  and  an  epoxide  equivalent  of  185-192 
(grams  of  resin  containing  one  gram  equivalent  of  epoxy,  see  Lee 
and  HeviUe  (1962)). 

The  epoxy  curing  agent  used  was  Shell  Epoxy  Curing  Agent  Z, 
idiieh  is  a  mixture  of  aromatic  diamines  (no  chemical  structure 
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nivon)  and  phonyl  glycidyl  cthc"^  (  ^^^0-CH2  CH  CH2)t  This 
ccTibinatlcn  glVfis  excallont  nijchirlcal  properties  accordiri^  to 
Sholl  (196s),  but  veiy  Httlo  sp-Tcific  Infon-ation  is  given. 

The  effect  of  tho  concentration  of  curing  agent  and  care 
cycle  of  this  epoxy  system  has  been  extensively  studied  at  the 
University  of  Michigan  by  Heimbcch  (1970) ,  Tho  cembination  of 
cum  agent  concentration  and  crtir.g  cycle  necessary  to  crovido 
the  best  mechanical  proportion  fer  this  system  vas  found  to  be 
t'.;snty-fivo  parts  of  cure  ag«-:nt  Z  por  one  hr.ndrcd  parts  of  828 
resin  l?y  weighty  with  a  caro  of  cr.o  hour  at  66®  C  follo.jed  by  a 
post  cure  of  UB®  C  for  clovon  heirs.  Tho  following  table  gives 
tlie  mochanical  properties  of  tho  Zpon  828  with  Z  hardener  along 
with  the  rango  of  values  given  in  the  literature  for  tho  epoxy 
family.  (Er.cyclocerlia  of  Modern  rlastlcs,  19?l)  • 

T.\EI2  r-4 

EFOXY  Fr-oi-rirns 


Uerj»e  for  General 

Snon  823 

Property 

Class  of  Enox/ 

witli  b  hardener 

Tensile  Strength 

27.53  -  89.65  !r::/n2 

89.65  MN/n^ 

Ccnrroscive  Strength 

103.^^  -  .14^^02 

131.0  Mi;/m2 

Young's  I  led  ulus 

2.41  -  3.51  Cii/r2 

2.43  GlJ/m^ 

Elongation  (Ultimata) 

3.0  -  6.0^ 

4.8^ 

Hardness  Rnj 

80-110  , 

105  -  no . 

Coofricient  of  Thermal 

4.5  -  6.0  X  10-^/C® 

5.1  X  lO-o/C® 

Expansion 

Heat  Distortion  Temp  * 

46.1  -  287  C® 

145  CO 

Density 

1.11  -  1.40  Kg/n^ 

1.20  Kg/m3 

Cure  Shrinkage 

2  to 

256 

Poisson's  Ratio 

0.34 

0.34 

*  flexural  stress  1.71  KM/m^. 
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XJk.3  -  Interface  Properties 

The  interface  between  the  filament  and  the  matrix  is  an 
ijaportant  entity.  After  the  constituents  and  the  geometry  are 
ehosen,  only  the  interface  controls  the  mechanical  properties. 

As  will  be  desciribed  in  section  I-B,  the  filaments  are  loaded 
by  *  shear  stress  across  this  interface.  Hapy  of  the  composite's 
Mchanlcal  properties  are  dependent  upon  the  strength  of  this 
Ijoterface,  such  as  transverse  strength  (Cooper  and  Kelly,  19^7), 
longitudinal  strength  (for  discontinuous  filaments)  (Kelly  and 
Davies,  1965)#  fatigue  strength  (Boiler,  1969)#  interlaminar  shear 
strength  (Prosen,  19^9),  size  of  ninliimm  reinforcement  (Kelly  and 
Davies,  1965)#  and  longitudinal  and  transverse  modulus  (Groszcuk, 

1965). 

There  are  two  types  of  bonding  present  in  a  composite-mechan¬ 
ical  and  chemical! 

The  mechanical  bond  is  duo  to  mechanical  interference  between 
the  filament  and  the  matrix,  whether  interlocking  or  frictional. 

The  strength  of  the  bond  is  a  function  of  the  surface  topography 
of  the  reinforcement  (Harrod  and  Begley,  1966),  Mechanical  bonding 
is  considered  to  be  the  predondnate  form  of  bonding  in  polymer  matrix 
qrstems.  Boron,  having  a  rough  surface  resembling  that  of  a  corn  cob, 
bonds  more  than  adequately  in  an  epoxy  matrix  (see  Section  I-C). 
Grai^te  filaments  (HMG)  have  extremely  smooth  surfaces  and  efforts 
are  made  to  'hroughen"  the  surface  using  oxidation  or  whisker  growth 
to  enhance  its  bonding  to  the  epoxy  (Goan  and  Prosen,  1969). 

Chemleal  bonding  is  dependent  upon  the  degree  of  reactivity  be¬ 
tween  the  filament  and  the  matrix.  Chemical  bonds  can  be  separated 
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into  two  cjato^oriosi  tho  firat  bslr,'^  the  primary  or  short  dist-anoa 
boiid  (!•£•»  metallic,  Ionic,  covalent),  and  tha  second  bolns  secon¬ 
dary  or  long  distance  boixls  van  Der  V/aal's  forces).  The 

interface  or  reaction  zone  vdll  generally  become  ehenically  dis¬ 
tinct  from  either  tho  matrix  or  filament  matoi*lal  (Harrod  and 
Begley,  19*^6).  The  interfacial  reaction  can  also  be  dotrlmontal 
to  filament  properties  (Herring  ct  1971).  Kotal  matrix  com¬ 
posites  are  generally  both  chemically  and  mechanically  bonded  because 
of  the  increased  reactivity  of  tho  constituents  at  the  temper’turos 
and  pressures  necessary  for  consolidation  (Herring  et  ,  1971j 
Braddick,  1971).  The  shear  strength  of  a  chomlcally  bended  interface 
is  genaralJy  greater  than  the  shear  strength  of  the  matrix  material 
(Krelder,  1972). 

I.B,  Stress,  Strain,  Strength  of  Composite  Materials 
I.B.l,  -  Strength 

In  order  to  predict  the  properties  of  a  coriiposita  material, 
it  is  nocassary  to  have  a  mathematical  no-iol  for  its  behavior.  There 
are  tv:o  basic  approaches  for  this  modelling,  tho  first  being  a  macro¬ 
scopic  analysis,  vihich  is  simply  a  rule-of-mixtures  approach,  and 
second,  a  microscopic  analysis  called  "micromechanlcs , " 

Corten  (19^8)  ard  Grinius  (19^6)  give  detailed  reviews  of  micro- 
mechanlcs,  which  basically  is  a  study  of  the  internal  stress  distribu¬ 
tions  and  how  they  affect  the  overall  performance  of  the  composite. 

The  effects  of  geometry,  stress  concentrations  due  to  filament  fail¬ 
ures,  non-uniform  filament  strength,  shear  stress  distribution  are 
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qualifled  In  tho  aivalyslst  but  liko  riny  ultra-riop'vlsticatod  mntho- 
waticAl  apprcachrjs,  it  fails  to  prociict  sc-no  of  thj  trend;?  aeon 
exporimuntally  (Koiinbuch,  1970). 

Macroscopic  analysis,  though  sinplo  in  approach,  is  useful  in 
evaluating  a  cc^posite  *s  performance.  Boiag  a  uni.fom  strain 
theory,  it  predicts  upper  bound  behavior  (Hosford,  1972).  The  best 
overall  treatment  of  tho  rule-of-mL-ctures  (or  Kacroscoric)  analysis 
is  found  in  Kolly  and  Davies  (l9(j8). 

In  ordon  for  tho  rule -cf -mixture  analysis  to  apply,  the  follow¬ 
ing  criteria  must  be  mets 

1)  Both  matrix  and  filaTnents  are  linear  elastic  natarials. 

2)  All  file.-'/ Tits  have  tho  sa.-.s  fraouu’o  strength. 

3)  The  strain  in  the  matrix  is  equal  to  the  strain  in  tho 
filanent,  trhich  is  equal  to  tho  strain  in  tho  composite. 

4)  The  Poisson  ratios  of  the  constltuonts  are  equal. 

5)  The  filsr.en.ts  ara  urixlally  aligned  in  the  leading 
dirsetion. 

6)  The  constituents  behave  when  combined  as  they  do  when 
ceparate  (o»2,*t  synergism),  (Kelly  and  Oavlos,  19^5) 

The  strength  of  a  co-mcoslte  (with  continuous  fil.anents)  ist 

a  =  V  (a^)  +  V  (o' )  (1-3) 

r  r  m  a 

whore  O  is  the  strength  of  the  composite,  Oj-  is  the  strength  of 
the  filament,  C7  *  Is  the  stress  in  tho  mtrix  at  the  filament  frac- 
ture  strain,  v  and  v  are  the  volume  fraction  filament  and 
natrlx  respectively, 

Tho  elastic  modulus  of  a  composite  material  Isi 

E  =  v^^  +  V  E 
I  X  mm 


with  the  samo  subscripts. 
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Thc  rule-oi'-nlxturo  analysis  predicts  a  velum  fraction  fiLi- 
nent  bolcr-f  vhlch  tho  conooslte  is  d'if^radcd  by  thu  prosonce  ol  the 
filaments.  This  volmo  is  kno'.m  as  the  critical  volumo  and  expressed 
mathematically  as i 


a  -  o' 

m  n 

^crit  -  a^' 


(1-5) 


where  v,.  is  tho  critical  volame,  and  aro  sti'cn^ths  of 

"■urit 

the  matrix  and  filament  respectively  and  cr^'  is  tho  matrix  stress 
at  tha  filament  fractviro  strain.  The  mathomatlcnl  derivation  of 
equation  1-5  can  bo  fo^ind  in  tho  Aopendix.  (It  is  apparent  from 
equation  1-3,  h,  5,  that  a  ccuposito  ri.ite’'ial  shoulxl  have  as  high  a 


▼oluite  fraction  filament  as  possible.) 

A  rolationship  implicit  in  tho  rvQ.e-cf-mixturcs  is  tha  critical 
filament  length.  The  analysis  assumes  a  linear  shear  stress  distri¬ 
bution  along  tha  filar..'; nt  axis  and  tho  critical  transfer  length  (  1^  ) 


defines  the  shortest  filament  length  necessary  to  bring  tho  filament 
stress  up  to  Its  fracture  strength.  The  critical  transfer  length  Ist 


(1-6) 


where  O^  is  the  filament  fracture  strength,  d  is  the  diameter,  ar^ 

T  is  tha  interfacial  shear  strength, 

Tho  filaments,  being  more  rigid  than  the  matrix,  are  loaded  hy 
shear  stress  across  tho  interface.  The  stress  distribution  is  very 
Imnortant  for  a  composite  containing  discontinuous  (or  broken)  fila¬ 
ments.  The  following  diagrams  (Figure  I-l)  show  both  the  shear  stress 
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distribution  In  the  matrix  and  the  tensile  stress  distribution  in 


the  filament,  for  an  elastic  matrix  and  a  plastic  matrix. 


Figure  I-l, 


The  shear  stress  T  and  the  tensile  stress  <r'  distribu 
tions  about  a  filament  end.  1,  2,  3  (see  text)  repre¬ 
sent  elastic  matrices  and  4  plastic. 


The  stress  dlstrtbution  shown  for  the  elastic  matrix  arei  1) 
the  linear  stress  distribution  assumed  in  the  rule -of -mixture  analy 
sis,  2)  the  theoretical  stress  distribution  (Dow,  1963),  And  3)  the 
experimental  (i^iotoelastie)  stress  distribution  (Shuster  and  Scala, 

1965). 

The  theoretical  stress-strain  curve  for  a  fiber  reinforced 
aaterlal  is  shown  below.  (Kelly  and  Lilholt,  1969) 

y 

StresF 


Fig\ire  1-2.  Theoretical  composite  stress-strain  curve. 
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Tho  four  st*ir;os  of  Hefor.n.ition  aret  1)  clastic  fiber  ar/l  olastic 
watrlx  doforuAtlon,  2)  elastic  flboi*  and  plastic  n^atrl^c  dofon:Ta- 
tion,  3)  plastic  fiber  and  plastic  matrix,  4)  filamaiit  fraeburo 
and  plastic  matrix  deformation.  In  the  boron-epoxy  system  only 
the  first  two  stages  will  exist.  It  has  boon  shen/n  by  Kelly  and 
Davies  (19'j5)  that  the  matrix  rmst  urxlcrgo  olastic  doformaticn  if 
the  fiber  is  to  bo  stressed  to  fracture  point,  (This  assumes  that 
the  jriold  strain  of  ths  matrix  is  loss  than  tha  fracture  strain 
of  the  filai:cnt,) 

When  tho  filanrnts  are  ductilo  (o*fi. ,  motal  vrires),  the  flla- 
r4cnt  fractu-*3  stren^’th  (  )  Is  unlfom  and  the  rulo -of -mixture 

analysis  accurately  p:’edlcts  the  ermposite  norforisanco,  (Although  RCf-l 
assumptions  1)  arid  4)  are  not  met,  Coopor  and  Xolly,  19^^7»)  On  tlie 
other  hand,  high  strength  filiments  being  very  brittle,  display  a 
wido  range  cf  fracture  strengths.  Figure  (1-3)  gives  tho  strength 
distribution  of  boron  filaments  (i'otcalfo,  196?).  This  violates 
assametion  2)  and  causes  tho  rulc-of-rdxture 's  prediction  to  bo  more 
disparate,  (Mohan,  196?  and  Kreidor  and  Levorant,  1966), 


Strength  (ksi) 

Figure  I-3«  Boron  filament  strength  distribution. 


Yt  tn 
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I*B*2  -  Stresses  in  a.  cracked  body 

Craoks  present  In  a  stressed  body  will  greatly  affeot  the 
local  stress  field  about  the  crack.  Cook  and  Gordon  (1964)  and 
others  have  analyzed  the  stress  distribution  for  a  cracked,  but 
otherwise,  homogeneous.  Infinite  isotropic  body,  Figtire  1-4  shows 
(a)  -  the  contours  of  the  stress  perpendicular  to  the  loading 
direction  (  contours  of  the  stress  in  the  loading 

direction  (  ),  and  (c)  -  the  shear  stress  contours  (  ), 

It  is  of  interest  to  note  the  positions  of  the  maxiimm  and  T^y 

contours. 


Figure  1-4,  Stress  contours  about  a  crack  in  an  isotropic  solid 
(see  text  for  details), 

Co<dc  and  Gordon  examined  the  stress  state  along  the  crack  plane. 
The  only  stresses  appearing  on  this  plane  are  and  ,  which 
are  shown  in  Figure  1-5  as  a  function  of  distance  from  the  crack  tip. 
Mote  the  position  of  the  CT^  maxlnun,  which  is  about  one  crack 
radios  ahead  of  the  tip. 

A  aechanisB  was  proposed  for  improving  the  notch-sensitivity  of 
glass  by  Cook  and  Gordon.  It  was  argued  that  if  a  weaker  interface 
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vers  placed  parallel  to  the  stressed  direction  (assumlnf^  fail¬ 
ure  on  this  plana)*  it  would  fail  by  the  tensile  stress* 

Figure  1-5  indicates  that  the  strength  of  this  interface  should  bo 
one-fifth  the  cohesive  strength  of  the  brittle  material.  Although 
there  are  other  proposed  failure  modes  of  this  Interface,  (0,3^., 
shear  failure)  a  tensile  dabond  is  most  likely. 


Crack  Tip  Radii 

Figure  1-5.  (yi  and  stress  contours  in  the  crack  plane 

(see  text  for  details). 

This  mechanism  was  based  on  an  isotropic  material  with  a  plane 
of  weakness  placed  before  the  crack,  None-the-less,  oven  current 
researchers  in  the  field  of  composites  [Toland,  1972,  Hoover  and 
Allred,  1972,  etc.]  have  ignored  those  restrictions  and  applied  the 
Took  and  Gordon"  mechanism  to  filamentary  ccmposltes.  They  assumed 
that  If  the  tensile  strength  of  the  Interface  were  loss  than  one- 
fifth  the  cohesive  strength  of  the  matrix,  a  matrix  crack  would 
debond  the  interface  and  blunt  the  crack.  They  met  with  failure 
because  of  the  inherent  anisotropy  of  composite  materials. 

Gilliland  (196?) ,  see  Kelly  (1971) »  analyzed  the  stress  distri¬ 
bution  of  a  cracked  anisotropic  body.  The  degree  of  anisotropy  was 
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equivalent  to  that  of  a  carbon-opoxy  coTipoylto  with  fifty  percent 
filaujents.  In  Tablu  I,  a  ccnpariaon  between  the  Isotropic  and 
anisotropic  analysos  is  given. 

TABLE  I 

STRESS  RATIOS  IH  A  CRAC?:5D  BODY 


GilUland  (196?) 

Cook  ar.d  Gordon  (1564) 

Anisotropic 

Isotropic 

Maximum 

y  * 

47 

5 

Maximum  a  /t 

11 

4 

y  xy 

Maximun 

4.4 

1.5 

It  becanes  apparent  that  tho  Interface  nust  be  ton  times  weaker 
than  was  previously  ostlmatod.  This  olimlnatns  the  tensile  debond 
as  a  failure  mochanisn  for  hi^h  volume  percent  filament  composites 
that  have  any  useful  intorfaclal  shear  strer^th. 

The  degree  of  anlsotrot^  is  dlroctly  related  to  the  volume 
porcent  filaments  for  a  given  system.  The  low  interface  strength 
necessary  for  tensile  debonding  forces  the  critical  transfer  length 


to  be  excessively  long. 

Sone  experimental  evidence  Is  available  to  substantiate  the 
above  Iqrpothesis,  Cooper  and  Kelly  (196?)  experimentally  determined 


the  (  a^/a^ 


)  strength  ratio  for  tensile  debonding  in  the  Copper- 


Tungsten  system.  Even  though  this  is  among  the  most  isotropic  of 


composite  systems,  the  strength  ratio  was  over  two  and  a  half  times 
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that  predicted  ty  th«  Isotropic  analysis. 

I.C.  Fracture  Stxidles  of  Composite  Materials 

The  najor  portion  of  the  fractxire  study  of  composite  materials 
vith  polymeric  matrices  has  been  performed  on  the  fiberglass  system, 
(cf,  Corten,  1967i  Broutman,  1967|  Bouc,  1962).  There,  the  fibers 
have  a  fJracture  strain  comparable  to  that  of  the  matrix,  so  that 
debondir«  of  the  fiber  without  breakiJig  is  often  seen.  In  contrast, 
the  breaking  strain  of  boron  fibers  is  much  less  than  that  of  the 
■atrlx,  so  that  the  glass  fiber  data  are  not  generally  applicable 
to  the  ^tem  of  interest  here, 

Mollln  et  (1968)  performed  the  early  fracture  analysis  work 
on  the  boron  epccxy  system.  Th^  were  able  to  identify  four  fracture 
■odes.  The  four  modes  appear  schematically  in  Figure  1-6. 


Figure  1-6,  Fracture  modes  in  boron  epoxy  composites  (hullln  et 

1968). 
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Modo  I  is  characterized  by  a  disk  shared  matrix  ard/or  oblique 
matrix  cracks  emaaatin!^  from  a  filamont  fracture.  For  Mode  I  to 
bo  oporative,  it  is  necessary  for  tho  composite  to  havo  a  strong 
Intorfacial  shear  strength. 

A  second  mode  of  failure,  Mode  III,  is  a  result  of  too  low 
an  intorfacial  strength,  (  T<  "T*  ),  The  fiLamsnt  in  this 
case  completely  debonds  from  the  matrix  beginning  at  the  highly 
stressed  filament  ends,  as  seen  in  Figtire  1-2.  Mode  II  is  the 
result  of  a  composite  having  an  intarfaclal  strength  intermediate 
between  those  of  Mode  I  and  Mode  III.  Tho  filament  falls  and  its 
fracture  energy  is  dissipated  in  the  doberuling  of  the  interface. 

It  should  be  noted  that  tho  dobond  does  not  continue  along  tho 
length  of  the  fllanont  as  in  Mode  III.  Mode  IV  is  a  special  fracture 
node  operable  under  tho  conditions  of  a  weak  matrix  and  a  strong 
interface.  The  matrix  fractures  in  the  highly  stressed  filament  end 
region. 

It  is  obvious  that  Mode  II  is  tho  most  doslrablo  fracture  mode; 
for  future  reference,  tho  intorfacial  shear  strength  associated  with 
Mode  H  will  be  called  T*  It  follows  that  tho  interfacial  shear 
strength  of  Mode  I  is  greater  than  T  ,  and  Mode  III  has  an  inter¬ 
facial  shear  strength  less  than  Mode  II *s. 

The  t3rpo  of  fracture  mode  operating  in  a  composite  is  dependent 
upon  interface  strength,  matrix  strength,  filament  strain  energy, 
strain  rate  and  notch  sensitivity  of  its  matrix,  and  strain  history 
(MuUin,  1968). 

Recent  work  Haimbuch  (1970)  on  boron-epoxy  composites  does 
not  show  all  of  the  fracture  characteristics  described  above.  For 
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oxar.plo,  Ho<if»  IV  is  not  observed,  oblique  cracks  in  Mode  I  are  not 
observed,  and  ths  effect  of  strain  rate  is  not  evident  In  the 
transition  froni  one  mode  to  another.  The  matrix  opoxios  are  dif¬ 
ferent  and  It  can  bo  assumed  that  DEM  438  used  by  HuUin  ^  al, , 
is  more  strain  rate  sensitive  than  EFOM  828  used  by  Holmbuch, 

Further  work  by  Mull In  ot  al.  (1970)  and  Hslmbuch  (1970)  shows 
the  effect  of  altering  the  intorfaclal  strength.  Using  simple 
monofilament  specimens,  Mullin  showed  the  effect  of  reducing  the 
Interfacial  shear  strength.  By  coating  boron  filamonts  with 
graphite  and  teflon  they  wore  able  to  reduce  the  interfacial  shear 
strength  to  a  T  *  value  and  less  than  7'  *  value  respectively 
frora  the  high  interfacial  strength  of  the  'as  received*  filament. 
The  shear  strengths  were  not  quantified  in  any  way.  Figure  1-7 
shews  the  effect  of  the  different  interface  strengths  on  the  stress- 
strain  bshavior  of  simple  composites. 


Figure  1-7.  Etress-strain  curves  fer  coated  monofilament  cesnposites. 
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It  should  bo  noted  that  those  cortposltos  are  far  below  the 
critical  volume.  It  should  also  bo  noted  that  the  strain  (elonga¬ 
tion)  to  failure  of  the  "poor  bond"  specinon  (if 705)  exceeds  that 
of  the  plain  epoxy  (fVOOA).  The  teflon  coated  sample  (f715)  «- 
hlblts  Mode  II  type  of  failure  and  the  graphite  coated  (compromise) 
bond  (#701)  exhibits  Mode  HI  failure j  the  fiber  even  after  frac¬ 
ture  partially  reinforces  the  composite.  The  *as  received*  or 
good  bond  (#711)  exhibits  Mode  I  failure. 

Heimbuch  also  found  an  enliancenont  of  tensile  properties  with 
a  degradation  of  interfacial  strength.  He  used  a  wetting  agent 
(WD40)  as  a  bond  reducer  and  showed  an  increase  in  strain  to  failure 
in  cemposites  with  a  volume  fraction  filament  varying  from  1-50^* 

The  strain  to  failure  of  the  composite  never  exceeded  tho  strain  to 
failuro  of  the  matrix  material, 

Heljabuch  has  shown  a  transition  fracture  mode  in  simple  compos¬ 
ites  by  altering  the  matrix  ductility.  A  "brittle"  epoxy  can  with¬ 
stand  fowor  filament  failures  than  a  "ductile"  epoxy.  He  altered 
the  ductility  of  the  matrix  material  by  altering  the  amount  of  curing 
agent  and  tho  cure  cycle. 

The  fracture  mechanisms  in  metal  matrix  composites  have  been 
investigated  by  a  number  of  researchers  (Herring  et  a^,,  1971| 
Braddlck,  1972),  Tho  fuwlamental  difference  between  polymer  matrix 
OOQBposlte  failure  and  metallic  matrix  composite  failuro  lies  in  the 
ductility  and  strength  of  the  matrix.  A  typical  moUllic  matrix 
eonposite  ftractures  In  two  stops.  First  the  filaments  fracture  either 
randomly  or  cummulatively  with  no  matrix  separation,  and  the  flla- 
mant  fracture  energy  being  dissipated  in  plastically  deforming  the 
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KAtrlx.  After  the  filaments  have  failed  locally,  the  matrix  sepa¬ 
rates,  A  crack,  per  sc,  dees  not  nropagato  fren  filamont  to  matrix 

% 

to  filADiant  as  in  the  polymer  systems. 

Fracture  propagation  in  the  ceramic  or  non-metalllc  elemental 
matrix  composite  system  is  distinct  because  the  strain  to  failure 
of  the  matrix  is  less  than  the  strain  to  failure  of  the  filament, 

A  ceramic  matrix  composite  ^dll  fail  in  two  steps;  first  the  matrix 
fails  in  a  series  of  closoly  spaced  parallel  cracks  perperdicuiar 
to  the  filaments.  The  spacing  is  a  function  of  the  interface 
strength.  The  fllAments,  being  the  main  load  carrying  members,  do 
not  fracture  until  their  strain  to  failure  is  reached,  (See  Cooper 
and  Kelly,  1568|  Sambell  et  al,,  1972;  and  Cooper  and  Sillwood,  1972,) 

I,D.  Fracture  Toughness  Considerations 

l.D.l,  -  Horaogeneous  Materials 

The  fractiiro  toughness  of  a  material  is  the  energy  required 
to  propagate  a  crack  through  \init  area,  and  quantifies  a  material’s 
resistance  to  a  crack  propagation. 

The  discrepancy  between  the  theoretical  fracture  strength  (E/lO) 
aiul  the  measured  fracture  strength  (S/lOOO)  of  completely  brittle 
materials  was  explained  by  Griffith  (1924).  Ho  proposed  that  real 
materials  contain  flaws  and  it  is  those  flaws  that  reduce  the  frac¬ 
ture  strength.  If  the  material  were  completely  brittle,  (e,£. ,  no 
IrroverslblUties  such  as  plastic  deformation),  the  flaws  would  not 
grow  until  the  strain  energy  release  rate  with  crack  ooctension  ex¬ 
ceeded  the  rate  of  increase  of  surface  energy,  and  then  they  woitld 
grow  catastrophically.  Hatheraatically,  than,  the  stress  necessary  for 
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unstablo  crack  propagation  in  an  infinite  solid  Isi 

=  [  2Ey  /  (It7) 

where  Y*  Is  the  surface  energy,  E  is  Young *s  modulus,  and  c  is 
the  half-length  of  the  flaw. 

The  Griffith  theory  was  medified  and  applied  to  *quasi-brlttle* 
naterlals  by  Orewan  (1948).  If  the  plastic  deformation  wore  restrict¬ 
ed  to  a  very  thin  layer  surrounding  the  crack,  and  if  there  were  no 
gross  yielding  (i«o.,  the  remainder  of  the  material  was  elastic),  the 
following  equation  could  be  applied* 

a  C  Ep  /  C  (1-8) 

(Pelbeck  and  Orowan,  1955) 

The  important  thing  to  note  is  the  replacement  of  y  *  hy  P,  the  plas¬ 
tic  work  function  (actually  it  is  (p  +  y'),  but  P»  Y'  and  (p+Y'  =  P  ). 

Irwin  (1956)  originated  the  concopts  of  fracture  toughness  and 
fracture  mechanics.  The  original  fracture  toughness  equation  Isi 

idxere  is  the  crack  extension  force  and  is  the  fracture 

toughness.  An  alternative  definition  for  Gg  is  the  critical  strain 
energy  release  rate  and  Kq  is  the  crttical  stress  Intensity  factor* 
Fracture  mechanics  is  the  "science"  of  predicting,  mathematically,  the 
fracture  strength  of  a  cracked  member,  assuming  that  the  fracture 
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tottghness  Is  tn  invariant  property  of  the  material.  When  fracture 
■aehanles  is  applied  to  a  brittle,  infinite  plate,  the  fracture 
strength  ist 

0,  .  [  no  (I-IO) 

The  problem  in  fracture  mechanics  is  in  determining  the  quantity 
Oq  ,  because  the  specimen  design  must  preclude  plastic  deformation 
(or  other  Irreversibilities),  For  a  more  complete  treatment  of  frac¬ 
ture  mechanics,  see  Tettleman  and  McEvily  (1969)  and  Brown  and  Srawley 
(1968). 

An  experimental  method  for  detexTnlning  the  crack  extension  force 
(Cq)  was  advanced  by  Irwin  and  Kies  (1952),  using  the  following  equa¬ 
tion! 

G  -  (P^  /2)  3{l/k)/3A  (I-n) 

c 

The  quantity  TP"  is  the  load  at  which  the  crack  propagates,  and  (3(l/k)/3A 
la  pl^sically  the  change  in  specimen  compliance  with  crack  area.  The 
equation  is  derived  in  the  Appendix, 

The  main  thrust  in  recent  years  has  been  to  derive  the  fractxire 
tou^iness  parametrical  relationship  analytically  rather  than  experi¬ 
mentally.  (Brown  and  Srawley  (1968), 

The  ftracture  toughness  equation  for  an  isotropic,  linear  elastic 
material  always  takes  the  form! 


(1-12) 
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whore  Is  the  not  cracking  stress,  and  'a'  is  a  function  of  the 
gootaetry  and  starting  crack  longth#  This  factor  'a*  is  analytically 
determined  from  the  exact  or  approximate  solutions  to  the  crack 
stress  equations  (ASTH  STP  38lt  page  30)» 

An  alternative  approach  to  the  fracture  toughness  question  has 
been  advanced  by  Gurney  and  Hunt  (196?)  using  a  work  balance  theorem 
for  a  quasi-static  crack  grorrth.  The  work  theorem  for  a  quasi-static 
process  isi 

Xdu  -  d  (strain  energy)  -  G*dA«»0,  (1-13) 

where  X  is  the  external  load,  u  Is  the  diopXaconont  of  the  test  piece, 

G*  is  the  irreversible  and  delayed  reversible  work  per  unit  area  of 
crack  surface,  and  A  is  the  crack  area. 

The  fundamental  difference  between  this  last  theory  and  the  pre¬ 
vious  ones  is  the  emphasis  on  the  quasi-static  crack  propagation 
(stable  cracking)  using  a  strain  energy  analysis,  rather  than  a  crack 
stress  analysis,  Tho  Gurney  theory  takes  into  account  the  strain 
energy  of  the  tost  piece,  stiffness  of  the  testing  machine,  etc. 

.With  the  proper  specimen  design,  the  strain  energy  of  the  test 
piece  can  bo  minimized  to  a  point  whore  tho  crack  is  driven  stably  by 
the  testing  machine,  and  not  unstably  by  tho  specimen  strain  energy. 

If  non-linear  elastic  effects  ar.d  residual  stresses  are  negligible, 
the  Gurney  equation  nay  be  writteni 

Xdu  -  GdA+Jd  (u.x)  (I-l^) 

where  G' Is  now  the  fracture  toughness.  The  (x/u)  relationships  may  be 
obtained  from  elasticity  theory,  " 
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If  a  quasl-statle  cracV:  grc'.rth  condition  Is  mot,  tho  ccmploto 
fracture  tou^'hnoss  paranoters,  G  ard  may  be  generated  from  a 

♦ 

single  test.  (See  Appendix  for  a  graphical  reprosentation  of  tho 
Gumoy  approach.)  For  a  more  complete  treatment  of  this  theory, 
see  Gurney  and  Hunt  (196?)  or  Atkins  ot  (1972). 

All  of  tho  previous  equations  were  derived  for  isotropic  and 
homogeneous  aiatcrlals.  Filanontary  composites  are  inherently  in- 
hornogonoous  and  anisotropic,  Tho  effect  of  the  anisotropy  has  been 
included  by  Sih  et  al.  (196?).  Irwin’s  isotropic  relationships: 

G  =  K  E  (1-8) 

c  c 

becomes  I 

The  are  tho  elements  from  the  ccmoliance  matrix. 

It  has  beon  hypothesised  and  “proven"  that  linear  elastic  frac¬ 
ture  mechanics  is  applicable  to  anisotropic  cracked  bodies  if  the 
stresses  are  applied  in  tho  planes  of  symmetry  (Beaumont,  1971)  • 

I.D.2.  -  Cemrosite  Materials 

Tho  fUamentary  composite  materials  exhibit  much  greater  frac¬ 
ture  toughness  than  their  constituents  separately  (Cutwater,  Murphy, 
1967,  and  Kelly,  1970).  The  increase  can  be  attributed  to  a  composite’s 
Inhomogenel^  and,  therefore,  to  its  interface.  Fiberglass  has  a  frac¬ 
ture  toughness  about  throe  orders  of  magnitude  over  that  of  Its  con¬ 


stituents. 
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Han/  n^chanisns  have  been  advanced  to  explain  tlvla  synergism, 
includin"!  frictional  work  of  filament  pullout  (Cottrell,  l^^'+j 
Kelly,  1!>55)i  dobondirg  of  tho  interface  before  filament  fracture 
(Outwator,  Murphy,  196?) ;  redistribution  of  stresses  folloirlng  fila¬ 
ment  failure  (rolaxation  of  stresses)  (Eoaunont  ot  al.,  1972)*  This 
paper  will  advance  a  fourth  theoiy  In  Cliapter  V , 

Tho  filanont  pullout  (or  frictional  work)  theory  of  energy  dis¬ 
sipation  was  the  earliest  of  tho  analytical  work  of  fracture  theories 
(Kolly,  19^5).  The  mechanism  of  pulling  the  fibers  out  of  tho  rJitrix 
absorbs  tho  energy.  These  assumptions  were  madej  1)  fibers  will 
break  randomly,  2)  tho  original  shear  strength  of  tho  interface,  "Y  ”, 
is  naintained  during  filament  pullout,  and  3)  there  is  negligible 
plastic  flow  of  the  matrix.  Mathematically,  the  work  of  fracture  due 
to  filament  pullout  isi 

Y  *  Vf^c^ 

where  Y  is  tho  work  of  the  fracture,  is  volume  fraction  fila¬ 
ments,  cjj  Is  the  strength  of  the  filaments  and  is  the  critical 

transfer  length. 

This  theory  generally  predicts  higher  values  for  the  work  of  frac¬ 
ture  than  actxuUy  measured.  This  is  due  in  part  to  tho  second  assump¬ 
tion  (maintained  shear  strength)  Beaumont,  (1971).  Equation  1-16  is 
derived  In  the  Appendix, 

The  debonding  theory  was  first  advanced  by  Outwator  and  Murphy 
(1967)  and  is  predicated  on  the  assumption  that  the  filament  debonds 
over  a  length  under  the  influence  of  the  crack's  stress  field  before 
the  filament  fractures.  Figure  1-8  schematically  shows  tho  debonding 
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process  (seo  section  I.B,2). 


Figure  1-8,  Scheinatic  reorosontation  of  the  debond  ncchanism, 

a  -  crack  approach,  b  -  d?V)or.dlr.'^  of  tha  interface, 
e  -  crack  contlrnation  \rith  the  tilament  intact, 
d  -  filament  fracture. 


Physically,  the  energy  of  the  debording  process  is  equated  to 
the  elastic  strain  energy  stored  in  tho  filament  after  dobonding, 

(See  Appordix  for  the  derivation  of  the  work  of  debonding.)  The  work 
of  debordlng  isi 


Y  =  v^a^^D/  (1-17) 

where  v^  Is  volume  fraction  filaments,  cr^  is  the  filament *s  strength, 
is  filament  modulus  and  D  is  the  length  of  the  debond  zoriS  (this 
must  be  measured  experimentally). 

The  debond  theory  works  very  well  for  the  fiberglass  system  for 
idileh  it  was  developed,  but  with  less  success  for  other  composite 
systems  (see  Beaumont  and  Phillips,  1972).  Implicit  in  the  theory  is 
the  relationship  of  the  failure  strain  of  the  matrix  being  equal  to  or 
less  than  that  of  the  fiber.  In  Table  II,  a  comparison  between  the 
strain  to  failure  of  glass,  boron,  and  carbon  fibers,  and  that  of  typi¬ 


cal  matrix  materials  is  shown. 
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table:  1-5 


FmyriRZ  stiiaujo  ci-'  seilectbd  aerials 


Material 

Strain  to  Failure  (^S) 

Boron 

0.8 

S-Glass 

2.4-5.1 

Graphite 

0.4-1.0 

Epoxy 

2.0-6, 0 

Polyastor 

2.0-5.0 

This  table  shcjvrs  v;hy  the  debond  mechanlsn  is  possible  in  the  fiber¬ 
glass  and  not  in  the  boron  or  graphite  epoxy  system. 

The  relaxation  theory  of  the  work  of  fracture  has  been  recently 
advanced  by  Bcau:':ont  (1972) .  The  energy  dissipating  mochanism  is 
the  redistribution  of  strain  energy  from  the  fiber  to  the  matrix. 
When  a  filament  fractures,  the  relatively  unstressed  matrix  surround¬ 
ing  the  filament  break  must  assume  the  load.  Figure  1-9  shows  the 
radistjribution  of  stresses. 


Figure  1-9.  Schematic  representation  of  the  relaxation  mechanism, 

(a)  stress  distribi^tlon  before  filament  fracture, 

(b)  stress  distribution  after  fracture,  the  cross- 
hatched  area  represents  the  amount  of  strain  energy 
lost. 
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Tha  cross-hatched  portion  represents  the  filament  strain  energy  con- 
stuaed.  A  derivation  of  the  relaxation  theory  nay  be  found  in  the 
Appewilx,  the  end  result  belngi 

Y  •  6E^  (1-16) 

Where  Y  1«  the  work  of  the  fracture,  and  is  the  critical  length. 

The  work  of  fracture  of  a  composite  material  is  measured  by 
graphically  integrating  the  load-deaection  curve  of  a  fracture  tough¬ 
ness  test.  This  will  be  the  work  (or  energy  dissipated)  in  fracturing 
the  specimen.  This  quantity  is  divided  by  the  net  cross-sectional 
area  of  the  specimen,  giving  the  work/unit  area  or  work  of  fracture 
denoted  by  Y  ,  (It  should  be  noted  that  this  is  not  the  surface 
energy  *  Y**  found  in  the  Griffith  equation.) 


ciixvtm  II 


The  Intemittcnt  Bord  Concopt 

The  concept  of  a  controU.ed,  intemittont,  Intorfacial  bond 
strenf^th  In  a  composite  mtorial  is  to  bo  applied  and  evaluated 
In  this  , thesis.  Many  mechanical  properties  of  a  composite  are 
dependent  upon  a  strong  intorfacial  bond  botwcon  the  fiber  and  the 
matrix,  as  shown  in  section  I. A, 3.  Kons-the-less,  a  viable  com¬ 
posite  must  possess  a  certain  fracture  toughness,  which  is  dewndent 
upon  a  weak  Interface,  A  conpronise  botvoen  mooltanical  properties 
and  fracture  toughness  must  be  made  if  tho  bond  strength  is  con¬ 
sidered  invariant  along  the  fiber. 

There  would  bo  no  need  for  a  low  bond  strength  if  all  the  fila¬ 
ments  failed  at  the  same  stress,  since  tho  composite  would  fail  com¬ 
pletely  when  tho  composite  strain  reached  the  fracture  strain  of  the 

filaments.  Boron  filaments  (see  Figure  1-3)  exhibit  a  wide  range  of 

GN 

strengths,  frem  1.30  to  3*^0  ^  (l90-4$0  ksi).  If  the  first  fila¬ 
ment  failure  Initiates  a  catautrot^ic  crack  as  a  result  of  a  strong 

interface,  tho  maximum  filament  strength  (  0^  )  that  can  be  used  In 

GN 

tho  rule -of -mixtures  analysis  is  1,3  ^  (190  ksi)  rather  than  the 

average  strength  of  3*00  “g  (^35  hsl),  delineated  in  section 

GN 

The  potential  strength  of  tho  composite  is  reduced  to  below  1,0 
(145  ksi)  and  it  is  no  longer  a  competitive  material,  as  the  raw 
material  cost  of  boron-epoxy  is  $450/kg. 

A  composite  can  be  made  to  exhibit  the  favorable  mechanical  prop¬ 
erties  of  a  strong  interfacial  bond  and  the  fracture  toughness  of  a 
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weak  intorfacial  bond.  If  an  alternating  bond  atrongth  Is  Introduced 
along  the  filament.  Figure  II -1  shows  a  filament  Intermittently 
coated  with  a  material  that  reduces  the  interfacial  bond,  giving 
regions  of  high  and  low  Interfacial  strength. 


Figure  II-l.  Schematic  representation  of  the  intermittent  bond 
concept. 


The  area  above  the  filament  shows  the  shear  stress  distribution 
of  the  interface,  and  the  area  below  shows  the  tensile  stress  distri¬ 
bution  in  the  filament  (see  Figure  I-l).  Superimposed  over  the  shear 
stress  distribution  is  the  interfaclal  bond  strength  distribution, 
denoted  by  a  dashed  line.  A  simple  criterion  for  the  Interface  fail¬ 
ure  is  employed:  if  the  applied  stress  exceeds  the  interfaclal 
strength,  the  bond  fails.  Note  that  the  low  bond  strength  affects 
neither  the  shear  stress  distribution  nor  the  tensile  stress  distri¬ 
bution.  The  area  of  the  tensile  stress  distribution  of  a  filament 
gives  a  measure  of  reinforcement  afforded  to  the  composite. 

The  intermittent-bond  type  of  composite  prevents  low  strength 
filament  failure  from  Initiating  catastrophic  cracks  in  two  ways: 
first,  by  preventing  matrix  crack  formation  through  debonding  of  the 


inborfaco,  and  cecond,  ctopplr^  watrix  cracks  by  bluntinr'  or  tonsllo 
dsbondinf'. 


FigitPo  II-2  shows  the  sequence  of  events  that  prevent  a  fila¬ 
ment  failure  from  Initiating  a  matrix  crack.  The  coated  region 
exhibits  mode  III  behavior,  the  debonding  does  not  continue  the 
length  of  the  filament  but  stops  at  the  beginning  of  the  high  strength 
region*  As  a  result  ,  partial  rainforcoment  is  still  provided  by  the 
broken  filament 


Figure  II-2,  Kiinment  fracture  in  a  co-”ted  (weakly  bonded)  region 
(see  text  for  details). 

The  debond  mechanism  is  operative  only  when  the  fractxures  occur 
in  the  low  strength  region.  The  flaws  which  cause  these  filament 
failure  are  randcmly  distributed  along  the  filament,  hence  the  per¬ 
centage  of  fractures  that  occur  in  a  coated  region  aret 

where  and  are  lengths  of  the  coated  and  uncoated  regions. 

On  a  certain  number  of  occasions  (1-Ff^),  the  filaments  will  fail 
in  a  high  strength  region.  This  region  exhibits  mode  I  type  of  frac- 
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turo  bocauso  of  tho  high  interface  strength,  and  tho  natrlx  cracks  are 
formed  from  filament  failure,  Tho  regions  of  high  and  low  strength 
bonds  will  bo  rar-donly  arranged  in  tho  composite,  therefore,  a  crack 
can  only  propagate  across  a  finite  number  of  filaments  (  )  before 

It  encounters  a  weak  interface  region.  As  seen  in  section  I-B-1, 
the  stress  field  associated  with  a  crack  will  debond  an  interface 
one  crack  tip  radius  away  if  the  interface  has  a  tensile  strength 
of  one-fiftieth  the  cohesive  strength  of  the  matrirc.  Assuming  the 
tensile  strength  of  the  weakly  bonded  region  is  baler,/  this  figure, 
tho  crack  idll  be  blunted  by  this  debonded  interface.  Figure  II-3 

shows  a  matrix  crack  encountering  a  weakly  bonded  region, 

L’ncoateci 


Figure  II-3,  Tensile  debond  mechanism  (see  text  for  details). 

The  design  strength  of  the  Interfacial  bond  in  the  coated  region 
Is  restricted  hy  both  mechanisms.  The  shear  strength  must  be  less 
than  't*  and  the  tensile  strength  must  be  one-fiftieth  that  of  the 
cohesive  strength  of  the  interface.  The  exact  relationship  between 
shear  strength  and  tensile  strength  has  not  been  deduced.  Experi¬ 
mentally,  the  tensile  strength  of  an  "as  received"  boron  epoxy  inter- 
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f«o«  is  from  6.9  -  8.3  MN/„2  <1.0  -  1.2  ksl)|  and  th®  shear  strength, 
depending  on  the  test  method,  is  from  41,3  -  69.0  l'lN/pj2  (9.0  -  10  ksl), 
A  ratio  of  one  to  eight  is  assumed  in  this  research,  for  all  condi¬ 
tions  of  boron  filaments. 


CHiVFTEa  III 


Exporlmontal  Proccduro 
III. A  Spoeimen  Design 
IIIJL.l.  Tensile  Tost  Spoct.tr.en 
III.A.l.a.  Composite  Specimens 

A  tensile  specimen  design  for  the  boron  epoxy  system  was  choson, 
incorporating  a  monolayer  of  boron  filaments.  The  i.ionolayor  consists 
of  twenty -five  filair.onts  spaced  0,25  ncn  apart,  center  to  center  dis¬ 
tance,  with  the  filaments  running  continuously  lengthwise  through  the 
specinen.  Tho  dimensions  of  the  test  section  aro  6.7  tra  (0,2^3  ifi) 
wide  by  1.6  mm  (0,0625  in)  thick,  and  57 *3  mm  (2.25  in)  Icng,  This 
gives  a  volume  fraction  filament  of  two  percent.  This  percent  fila¬ 
ment  is  slightly  above  the  critical  volume  for  this  system,  as  dis¬ 
cussed  in  section  I-C-1,  ir.licatlng  the  ccmcosite  strength  will  be 
slightly  greater  than  the  matrix  strength.  The  eenposite,  none-the- 
less,  will  bo  filament  fracbii'e  controlled,  since  the  Cf  of  the  cen- 
posito  will  be  the  6^  of  tho  filament,  Tho  composite  fracture  strain 
will  bo  used  to  measure  tho  effectiveness  of  the  intermittent  coating. 
Figure  HI-l  shows  the  specimen  dimensions. 

Low  volume  fraction  fllamont  composites  are  easier  to  fabricate, 
consumo  loss  boron  filament  than  high  volvnne  fraction  filament  com¬ 
posites,  and  are  still  filament  fracture  controlled.  The  simple  cem- 
posites  have  an  additional  advantage:  the  fracture  sequence  can  be 
easily  deduced  using  fractographic  analysis.  The  fracture  sequence 
will  dotemlne  the  feasibility  of  the  intermittent  bond  concept  (see 
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section  U-l)  . 

b.  Matrix  Speclnens 

The  Hstrlx  natorlal,  though  not  of  primary  Importaneo  In  this 
research,  must  not  beccrae  a  source  of  error  by  varying  In  proper- 
ties  too  much.  To  monitor  the  quality  of  the  matrix  properties, 
tensile  specimens  of  pure  epoxy  were  cast  In  the  same  molds  as  the 
eonposlte  specimens.  An  accurate  stress-strain  relationship  for 
the  epoxy  was  obtained  uslr^  precision  strain  measuring  devices 
(see  section  HI-B),  The  specimen  would  also  expose  ary  defects 
in  the  mold  design  or  molding  procedure.  Since  the  specimens  were 
to  be  compared  only  with  one  another,  a  non-ASTM  type  of  specimen 
was  deemed  adequate. 

m.A.l.  c.  Pullout  Specimens 

Pullout  tost  specimens  wore  designed  to  evaluate  the  coating. 
This  specimen  is  simply  a  cylinder  of  epoxy,  cast  around  a  coated  or 
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tincoated  filar.ont,  Tho  froo  end  of  tha  fibor  In  glued  In  a  hyuo- 
darsnic  naedlo  to  facilltato  gripping  in  tho  ton^ilo  mchino.  To 
avoid  breaking  of  tha  flLiment,  bho  height  of  tho  opoxy  cylinder 
TBUSt  bo  less  than  one-half  tha  critical  length,  as  defined  in  sec¬ 
tion  I-B-1  ,  Figure  III-2  shcr/s  the  mold  and  a  comolote  specimen* 


Figure  III-2.  Drawing  of  the  oullout  specimen  and  its  mold, 
(a)  mold-front,  (b)  nold-olan  and  (c)  comolete 
specimen. 


d.  Filament  Tensile  Specimens 

A  small  number  of  filament  tensile  tests  were  run  to  determine 
If  the  mechanical  properties  of  boron  filaments  degrade  ^ilth  tine, 
since  the  spools  were  purchased  in  1968.  A  section  of  filament  was 
glued  Into  two  l^odemic  needles  spaced  25  mm  apart,  Tha  needles 
were  then  gripped  in  the  tensile  machine  using  standard  friction 

grips. 
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lIXtA.  2.  Fracture  Tou^Hnosa  Spocincna 

Fracture  tou^hnoas  cannot  bo  noasurcd  in  a  simple  composite  as 
can  the  ccnposite  fi-acturo  strain,  A  volujae  fraction  fllanont 
specimen  of  forty  percent  vjas  chosen  because  it  gives  realistic 
toxighnoss  values,  corroborated  in  recent  literature.  The  specimen 
design  chosen  was  a  square  bar  of  composite  5  x  5  nm  by  40  mm 
long.  Two  notches  were  cut  with  a  dianond  saw  at  the  nidsoctlon 
of  its  beans,  forming  a  triangular  test  section.  The  tost  is  con¬ 
ducted  in  three  point  bending,  putting  the  tip  of  the  isosceles  tri¬ 
angle  in  tension.  The  tip  experiences  an  infinite  stress,  according 
to  elasticity  theory,  and  the  fracture  consistently  begins  at  the 
tip.  The  design  was  advanced  Tattersal  and  Tappln  in  196?  for 
use  in  practically  all  materials.  It  has  been  widely  accepted  by 
composite  researchers,  Figuro  111-3  illustrates  the  specimen  design. 


ih‘‘ 


Figure  III-3.  Notched  three  point  bend  fracture  toughness  specimen. 
All  dimensions  are  in  mm. 


Tho  spoclncn  was  dasignod  to  ri?asuro  crack  otjordrv^  (Kode  1) 
fl'acturo  to-a?;hnoss.  To  avoid  incorrect  tojpjhnoss  values,  tho 
fracture  must  bo  completely  tonsils  in  nature.  To  preclude  any 
shear  failures,  tho  ratio  of  transverse  shear  stress  to  flexural 
stress  must  bonlnlnal.  Using  Sattar  ar^d  Kellogg  *s  theory  of 
bending  failure  (1969) »  a  length  to  span  ratio  of  7.5  **‘’‘‘^3  chosen 
for  the  specimen. 

For  reasons  which  will  be  discussed  in  Chanter  V,  rjinely 
gross  fllanent  damage,  tho  bend  toughnoss  specimen  gives  question¬ 
able  results,  A  tensile  fracture  toughness  spccinen  was  designed 
to  minimize  filament  damage  usirig  criteria  sot  forth  in  ASTH  STP  410 
(1966),  Figuro  III-4  gives  the  specimen  design.  The  specimen  con- 
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Figure  III-4,  Compact  Tensile  Specimen,  All  dimensions 
are  in  mm. 


slsts  of  five  layers  of  boron  filaments  spaced  0.19  mm  center  to 
center  distance,  cast  in  an  epoxy  with  external  dimensions  of  0,750 
m  (0.03  in)  thick  by  76.2  mm  (3. 00  in)  lor*g  hj  76.2  ran  (3.00  in) 
in  height;  this  gives  a  volume  fraction  filament  of  48  percent. 
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A  starting  crack  length  of  38  ran  employed,  the  specimen  being 
gripped  vith  pad  typo  friction  grips  in  tho  tensile  mochino. 

III.B*  Mechanical  Testing 
III.B.l.  Tensllo  Testing 

All  ncchanical  testing  was  conducted  on  a  **table  top 
model"  Instron  tensile  machine  ’.fith  a  full  load  capacity  of  500  kg. 
Tho  load  coll,  n'lmber  500  kg  -  025*  was  calibrated  for  1,  5»  10, 

20  and  50  kg  pjr  division.  One  division  equals  one-tenth  of  the 
full-scale  deflection.  The  cross-head  velocity  of  this  screw- 
driven  machine  was  normally  0.5  mm/mlnuto  except  where  noted.  The 
tensile  machine  was  calibrated  every  test  series  using  dead  weights 
as  per  instruction.  All  tensile  tests  wore  run  with  an  initial 
grip  separation  of  95  rra,  using  the  standard  Instron  friction  grips. 

All  tensile  strain  measureinents  were  made  with  an  Instron 
strain  gage-tyee  extensemeter  using  clip-on  mounting.  The  exten- 
sometor  drives  the  load  chart  through  a  strain  gage  emolidyne. 

The  wetensometer  model  number  G-51-11M,  serial  number  3^^58|  bad  a 
25  WM  gauge  length  and  a  maximum  deflection  of  2.5  ra***  Ibe  eJeten- 
someter  is  linear  to  better  than  one  percent  throughout  its  range. 
The  extensomoter  was  caTLibrated  before  and  after  each  test  series 
using  a  micrometric  calibrator.  The  average  of  twelve  calibration 
measurements,  six  taken  before  the  test  and  six  after,  was  used  to 
convert  chart  travel  to  specimen  strain.  Tho  maximum  spread  of 
calibration  meastirements  was  loss  than  two  percent. 


Tho  follovrln;^  Table  III-l  gives  the  strain  saponification  factors 


for  the  various  tensile  tests. 


TABLE  ni.l. 

TENSILS  STRAIN  MAGNIFICATION  FACTORS 


Tensile  Specimen 

Magnification 

Maximum 

Chart  Distance 
Specimen  Extension 

Strain 

Composite 

1000 

Epoxy  (for  modulus) 

1000 

li 

Epoxy  (for  failure  strain) 

200 

5^ 

III.B.2.  Fi’ccturo  Tcua;hn93s  Testing 
Bond  Specimen 

The  fracture  toughness  bend  specimens  were  tested  in  a  three- 
point  bend  jig  in  the  Instron  testing  machine.  The  jig  consists  of 
a  base  plate  and  an  anvil.  The  ground  steel  base  plate  supports  two 
parallel,  hardened  steel  cylinders,  6,5  inn  in  diameter,  epoxied 
35  inni  apart  (centerline  to  centerline  distance).  The  anvil  is  simply 
a  ground  steel  block  with  a  6.5  mm  (diameter)  hardened  steel  cylinder 
epoxied  to  the  center  of  the  block.  Figure  III-5  is  a  photograph  of 
three-point  bending  jig  with  a  toughness  specimen  in  the  Instron 
testing  machine, 

Tho  tensile  machine  is  converted  for  compression  testing  by 
placing  the  load  coll  below  the  specimen.  After  calibrating  with 


Figure  III -5.  Three  point  bend  jig  with  specimen. 


weights,  the  base  plate  is  placed  on  the  compression  platen  and 
Its  weight  Is  balanced  out  electronically.  The  specimen  is  then 
centered  over  the  cylinders  by  matching  the  test  section  with  the 
scribed  mid-line  of  the  base.  Next,  the  anvil  is  centered  over  the 
specimen  and  the  cross  head  of  the  machine  is  lowered  manually  until 
contact  is  made  with  the  anvil. 

LW  bend  tests  were  conducted  with  a  cross  head  velocity  of 
0.5  wi/minute  with  a  chart  speed  of  50  mra/minute  and  a  full  scale 
swisitivity  of  100  kg.  The  ratio  of  specimen  deflection  to  chart 
distance  was  100»1.  Any  change  in  these  standard  test  conditions 
was  noted  with  the  da^a. 

When  testing  in  eoncresrlon  with  a  screw  driven  testing  machine, 
it  is  always  necessary  to  accoiint  for  rachine  stiffness.  This  is 
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partlcularly  true  when  determining  the  modulus  of  a  compression  or 
flexural  speeiraan,  because  the  measiired  stiffness  is  the  sMm  of  the 
•peolnen  stiffness  (the  quantity  desired)  and  the  machine  stiffness. 
The  Machine  stiffness  can  be  ascertained  hy  comoressing  the  load 
cell  directly  with  the  cross  head.  The  machine  stiffness  of  the 
Znstron  used  in  this  research  is  given  in  the  Appendix. 

In  fracture  toughness  testing,  the  area  of  the  load  deflection 
curve  is  important  and  the  correction  for  machine  stiffness  is 
unnecessaxy  if  the  specimen  fractures  in  a  controlled  manner,  that 
is,  if  the  machine  strain  energy  does  not  cause  instability  in  the 
specimen.  Figure  III-6  illustrates  an  idealized  load-deflection 
curve  of  a  bend  toughness  specimen.  The  solid  line  represents  the 
load  deflection  curve  of  the  total  system.  If  the  machine  deflection 
is  subtracted  from  the  total  response,  the  resulting  load-deflection 
curve  represents  the  response  of  the  specimen,  as  shown  by  the  dashed 
line.  The  areas  of  the  two  curves  are  the  same,  demonstrating  that 
the  strain  energy  of  the  machine  is  reversible.  No  correcticai  is 
necessary  if  the  final  load  is  allowed  to  approach  zero. 

1II.B.3.  Interlaminar  Shear  Strengths 

The  interlaminar  shear  strengths  of  the  composite  bars  used 
for  the  fracture  toughness  bend  specimen  were  measured  with  a  short 
span,  three-point  bend  tost.  The  transverse  shear  stresses  are 
greatest  for  short  spans.  Shear  failure  could  be  insured  if  the  span 
to  depth  ratio  were  from  four  to  one,  (ASTM  STP  46o,  I969)  The  test 
condltiv  .  were  identical  to  the  fracture  toughness  bend  test  except 
that  the  ;/ Under s  were  spaced  20  fbb  apart  and  the  full  scale  sensl- 


X 
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Figure  III -6,  Idealized  load -deflection  curve  for  three  point 
bending. 

tivity  of  the  load  cell  was  increased  to  200  kg. 

HI.C.  Specimen  Preparation 

m.C.l.  Preparatory  Methods 
m.C.l.a.  Filament  Coating 

The  coating  asserablly  has  three  components,  the  filament  drive 
system,  the  filament  positioning  device,  and  the  actual  coating 
mechanism  including  the  timer. 

The  filament  drive  system  is  a  standard  filament  spool  (sup¬ 
plied  by  Hubbard  Spool  Company),  supported  by  bronze  bearings  in  a 
bolted  steel  frame  and  driven  by  a  variable  speed  motor.  The  gear 
motor  rotates  the  spool  through  a  chain  drive.  The  overall  gear 
reduction  is  290 il|  the  diameter  of  the  spool  is  226  mm  (8.9  in). 
The  peripheral  or  filament  velocity  is  continuously  variable  from 
0-22.6  mn/s  (0-0.89  In/s).  A  standard  0-150  VDC  power  supply  is 
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•nployad  to  power  the  motor.  Figure  III-7  is  •  photograph  of  the 
ocnplete  coating  device  showing  the  filament  drive  system. 


Figure  III -7.  Filament  coating  apparatus,  (a)  driver  spool, 

(b)  coater,  (c)  filament  positioner  and  (d) 
as-received  boron  filament  spool. 

During  the  coating  or  winding  of  the  filaments,  a  slight  ten¬ 
sion  must  be  maintained  to  control  the  position  of  the  filament. 

A  combination  spool  holder  and  tension  device  was  designed  for  the 
«aq)enment.  Figure  III-7  shows  the  spool  holder  set  up  for  the 
coating  operation.  The  spool  was  mounted  on  an  aluminum  hub,  which 
rotated  on  a  12.7  mm  (0.5  in)  diameter  steel  shaft.  The  shaft  was 
supported  in  a  bolted  steel  frame.  The  tension  was  provided  ly  a 
spring  acting  through  a  teflon  friction  disc.  The  tension  in  the 
filament  was  controlled  by  adjusting  the  compressive  force  on  the 
Ariction  disc. 

The  function  of  the  filament  positioning  device  is  to  locate 
the  moving  filament  accurately  in  the  coater  In  both  the  vertical 


and  lateral  directions.  The  filament  passes  through  a  hypodonaic 
needle  mounted  in  a  plexiglass  block,  vhlch  is  atUched  to  a  modi¬ 
fied  Jondney  bar  indexing  frame  (Wilson  Instrument  Compary).  A 
dial  indicator  is  mounted  on  the  frame  to  measure  the  lateral  posi¬ 
tion  of  the  filament.  The  position  of  the  filament  is  controlled 
by  a  lead  screw  drive  which  was  originally  designed  to  be  rotated 
by  hand.  A  later  addition  to  the  positioning  device  was  the 
installation  of  a  synchronous  motor  to  drive  the  lead  screw.  Figure 
III-8  shows  the  filament  positioning  device  attached  to  the  winding 
flrame. 


Figure  III-8,  Filament  lateral  positioning  device. 

The  filament  coater  which  is,  in  effect,  the  heart  of  the  mecha¬ 
nism,  is  pictured  in  Figure  III -9.  The  mechanism  is  essentially  two 
soft  rubber  rollers,  coated  with  silicon  vacuum  grease  (SVG),  posi¬ 
tioned  above  and  below  the  movirrg  filament.  One  of  the  rollers  is 
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attached  to  a  pneumatic  cylinder.  Vfhen  the  lover  roller  la  forced 
Into  contact  with  the  upper  roller,  a  layer  of  SVG  is  deposited  on 
the  noTing  filament.  The  rollers  are  coated  before  each  run  with 
SVG  and  are  rotated  by  a  racket  and  pawl  arrangement ,  Details  of 
the  eoater  are  enumerated  in  the  Aupendix.  The  pneumatic  cylinder 
Is  driven  by  air,  regulated  to  20  psig,  and  controlled  by  a  solenoid 
air  valve  (Skinner  model  V550B), 


Flgxire  III-9.  Filament  eoater  detail.  Note  intermittently 
coated  filament  (see  arrow). 

The  length  of  the  coating  deposited  on  the  filament  is  controlled 
by  both  the  speed  of  the  moving  filament  and  the  time  the  rollers  are 
In  contact.  In  order  to  control  the  coating  accurately  and  reproduc- 
ibly,  an  electronic  timer  was  designed.  The  frequency  range  of  the 
timing  pulse  is  variable  from  625  Hs  to  0.026  Kz,  while  the  length  of 
the  **on**  pulse  can  vary  up  to  ninety  percent  of  the  length  of  the 
timing  pulse.  A  circxiit  diagram  of  the  timer  is  Included  in  the 
Appendix, 
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The  timer  consists  of  an  astable  vibrator  (to  provide  the  tim¬ 
ing  poise),  driving  a  monostable  vibrator  (to  provide  the  “on** 
position  of  the  timer) .  The  range  of  the  timer  is  extended  by 
channeling  the  outpot  of  the  monostable  vibrator  through  a  series 
of  decade  dividers. 

The  interface  between  the  integrated  circuit  voltage  of  5*0  VDC 
and  the  solenoid  voltage  of  115  VAC  is  provided  by  a  transitorized 
relay,  »diose  circuit  diagram  can  be  found  in  the  Appendix, 

The  response  of  the  coater  at  various  time  frequencies  was 
determined  using  a  Bently  Distance  Detector  (Model  D-252  #5^K>4) , 

The  calibration  curves  for  the  coater  are  included  in  the  Appendix, 

III.C.l,b.  Epoxy  Preparation  and  Cure 

It  was  essential  to  minimize  the  variation  of  properties  from 
one  epoxy  batch  to  another.  To  control  the  cure  temperature  varia¬ 
tion,  a  vacuum  oven  and  pump  were  obtained.  This  combination  per¬ 
mitted  curing  the  epoxy  \inder  a  partial  vacuum.  The  National  Appliance 
Oren  Model  Number  385I  had  a  temperature  range  of  room  temperature  to 
200®  C  with  a  t2®  C  variation  and  could  maintain  a  vacuum  of  10  ^m 
Hg,  The  vacuum  pump  was  a  Ceneo  HiVac  2  (#l46o)  double  stage  pump 
with  a  gas  ballast.  The  pump  had  a  rated  pumping  capacity  of  4,l6  x 
10*^  at  atmospheric  pressure  and  a  maximum  vacuum  of  0.1  /im  Hg. 

A  photograph  of  the  curing  oven  and  pump  appears  as  Figure  III -10, 

The  epoxy  matrix  material  was  prepared  in  the  following  manner 
to  minimize  the  variation  from  batch  to  batch.  The  ratio  of  Shell 
Curing  Agent  Z  to  Shell  Epoxy  823  resin  was  standardized  to  25  parts 
of  Z  to  100  parts  of  828  by  weight  (see  section  I-A-2).  The  curing 


Figure  in-lO,  Vacuim  cirring  oven  and  pump, 

agent  was  always  measured  cut  first  using  an  Ohaus  Dial-o-grara  scale 
with  a  rated  accuracy  of  0.1  g.  The  curing  agent  was  weighed  In 
disposable  polypropylene  beakers,  hOO  ml  (4  x  10"^  m^)  capacity 
Tri-Pour  Beakers),  thus  reducing  contamination  of  the  epoxy.  The 
correct  proportion  of  Epoxy  828  was  measured  out  and  thoroughly 
mixed  with  the  curing  agent  by  stirring  with  a  clean  stainless 
steel  spatula  for  approximately  45  s.  The  epoxy  misture  was  then 
evacuated  to  about  100  /im  Hg  in  the  vacuum  oven.  The  epoxy  remained 
at  this  pressure  for  about  7  minutes,  and  was  then  ready  for  casting. 
After  easting,  the  epoxy  was  cured  for  one  hour  at  66®  C  followed  by 
eleven  hours  at  123°  C  under  a  vacuum  of  380  mm  Hg. 
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ni.C.a.  Composite  Speelwen  Fabrication 

The  composite  specimens  must  have  accurate  and  reproducable 
filament  placement  to  eliminate  this  as  a  potential  variable.  A 
specimen  winding  device  was  designed  to  minimize  the  variation  of 
spacing  from  specimen  to  specimen  (described  in  III.C.l.) 

The  monolayer  specimens  were  produced  on  the  apparatus  pictured 
In  Figure  III-ll.  It  is  the  basic  winding  frame  with  the  filament 
alignment  jig  substituted  for  the  coating  spool. 


Figure  HI-ll.  Tensile  specimen  winding  apparatus,  (a)  side  view, 
(b)  mold  detail  showing  the  intermittent  coating 
on  the  wound  filament. 


The  filament  alignment  jig  consists  of  four  endcapa  positioned 
on  an  alumimua  spacer.  Between  the  endcaps  are  placed  two  molds  for 
casting  epoxy  around  the  filaments.  The  critical  dimensions  of  the 
jig  are  included  in  the  Appendix. 

The  endcaps,  which  contain  filament  locating  grooves,  have  been 
previously  described  by  Heimbuch  (1970) .  The  caps  are  a  block  of 
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steel  grooved  circumferentially  and  then  split  Into  quarters.  The 
grooves  are  accurately  positioned  with  respect  to  ono  another  and 
to  the  block  face.  The  twenty-five  grooves  are  spaced  0.25  ™ 

(O.Ol  in)  apart  and  are  0,10  ran  (0.004  in)  deep. 

The  aluminum  spacer  was  machined  to  accept  the  four  endcaps 
and  to  provide  an  accurate  mo^lnting  surface  for  the  two  molds.  The 
12.8  mn  (0.5  in)  diameter  hole  was  bored  on  a  jig -borer  to  insure 
the  porpendicularity  of  the  hole  to  the  side  of  the  spacer.  The 
three  piece  mild-steel  molds  are  bolted  together  and  then  bolted 
to  the  spacer. 

The  alignment  jig  is  assembled  on  a  gauge  block  to  insure 
proper  alignment  of  the  four  endcaps  and  the  molds.  The  end  of  each 
■old  is  sealed  using  a  cemented  cardboard  dam,  A  section  of  the  dam 
10  nn  wide  Is  removed  to  provide  soace  for  the  filaments. 

The  procedure  for  wrappir-g  a  composite  specimen  is  as  follows. 
First  mount  the  coated  soool  of  filament  on  the  spool  supoort  and 
adjust  the  friction  spring.  The  proper  filament  tension  can  only  be 
ascertained  hy  trial  and  error.  Then  take  the  free  end  of  the  fila¬ 
ment  and  bind  it  in  the  split  rubber  pad  at  the  end  of  the  spacer, 
Vlind  the  filament  into  the  twenty-five  grooves  sequentially.  Bind 
all  the  filaments  under  the  other  rubber  pad  and  cut  the  filament 
Aron  the  spool.  Next,  cement  cardboard  pieces  over  the  spaces  in 
the  mold  dams  and  apply  fast-setting  epoxy  to  the  ends  of  the  molds. 
The  epoocy  should  be  allowed  to  set  for  one-half  hour  and  then  the 
procedure  should  be  repeated  with  the  second  mold.  After  the  second 
application  of  epoxy  is  set,  cut  the  filaments  between  the  dam  and 
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th«  endcaps  and  remove  the  molds . 

The  epoxy  matrix  material  is  mixed  and  evacuated  as  described 
in  Section  III.C.l,  and  then  poured  into  one  grip  section  of  each 
■old.  The  molds  are  then  tilted  to  allow  the  epoxy  to  '’run'' 
through  the  gauge  section  of  the  tensile  specimen.  The  epoxy 
■olds  are  "topped  off"  with  epoxy  and  placed  in  the  vacuum  oven. 

The  oven  is  pumped  down  to  380  mm  of  Hg  and  cured  for  one  hour  at 
66®  C  followed  by  eleven  hours  at  123®  C.  The  curing  time  is  con¬ 
trolled  by  a  standard  appliance  timer. 

After  the  molds  have  cooled  to  room  temperature,  the  specimens 
can  be  removed  without  dismantling  the  molds.  If  the  molds  are 
coated  with  a  teflon  utensil  repair  spray  every  five  specimens, 
the  composite  can  be  removed  by  inserting  a  spatula  blade  between 
the  mold  and  the  specimen.  The  spatula  should  bo  carefully  pushed 
into  the  gauge  section  without  bending  the  specimen.  The  main 
advantage  of  this  method  is  the  prevention  of  casting  flash  (see 
Helmbuch,  1970).  The  grip  sections  were  ground  flat  using  a  Drerael 
hand  grinder  to  facilitate  gripping  in  the  tensile  machine, 

III.C,3,  Fabrication  of  Bend-tyoe  Fracture  Toug;hness  Specimens 

The  bond-typo  fracture  toughness  specimens  were  cut  from 
composite  bars  cast  in  the  mold  pictured  in  Figure  lil-12.  The 
cavity  of  the  mold  was  5  wm  (0.197  in)  deep  by  5  wide  by  190  mm 
(7,50  in)  long.  The  cavity  length  was  eventually  reduced  to  133  mm 
(5»25  In)  by  inserting  epoxy  spacers  Into  the  mold  as  a  measure  to 
conserve  boron  filament. 

The  composite  bars  were  produced  in  the  following  manner.  A 


Figure  HI -12.  Fracture  toughness  specimen  mold  and  bar, 

length  of  boron  filament  with  the  desired  surface  condition  was  wound 
onto  the  driver  spool  of  the  winding  device.  The  length  was  measured 
with  a  rotation  counter  affixed  to  the  frame.  For  a  forty  percent 
filament  composite  bar  133  ran  long,  haying  1250  filaments,  159  ra 
(655  ft)  of  filament  were  needed.  The  filaments  were  then  cut  from 
the  spool  and  laid  on  a  sheet  of  teflon.  The  filaments  were  handled 
with  gloved  hands  to  reduce  contamination.  The  filaments  were  cut 
to  the  desired  length  using  a  single -edged  razor  blade.  The  razor 
blade  was  pressed  across  the  filaments,  causing  a  localized  brtttle 
fracture  to  occur.  The  extent  of  the  damage  to  the  filament  was 
restricted  to  about  1  mm  (0,04  in)  on  either  side  of  the  cut.  The 
■old  bottom  halves  vrere  cleaned,  assembled,  and  heated.  Mixed  and 
previously  evacuated  epojty  was  poured  into  the  heated  mold.  The 
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opoxy  '/as  then  evacuated  ar^aln  until  tho  bubbling  stopped.  The  mold 
was  removed  from  the  ovon  and  tho  filanants  wore  laid  into  tho  mold 
by  hand*  Tha  filaments  were  collimated  by  runnlrig  a  scapol  up  and 
down  tho  length  of  the  mold  cavity,  Tha  meld  was  again  evacuated 
to  remova  any  residual  bubbles.  After  removing  the  mold  from  the 
ovon,  the  filaments  which  had  been  expelled  from  the  mold  during 
tho  evacuation  were  replaced.  The  mold  cor/er  was  thon  placed  over 
the  cavity  and  its  bolts  tightened  in  unison.  The  excess  epoxy 
was  extruded  frcvi  the  mold  through  the  relief  cuts  at  the  eids. 

The  bar  was  then  cured  for  one  hour  at  66°  C  followed  by  eleven 
hours  at  123°  C  in  a  vacuun  of  330  mm  of  Hg.  After  curing, the  bar 
was  easily  removed  by  splitting  the  mold, 

Tho  notched  test  sections  of  the  fi'acture  toughness  specimens 
must  be  produced  in  the  ccanposite  bar,  as  described  in  Section 
III,A,4,  The  notches  were  cut  with  a  1,59  mm  (O.OI63  in)  thick  dia¬ 
mond  wheel  mounted  on  a  Cincinnati  cutting-grinding  ms chine.  Figure 
III-I3  is  a  photcgrach  of  the  grinder  set  up  for  notching  the  speci¬ 
mens*  A  special  jig  was  built  from  mild  steel  to  hold  the  composite 
bar  at  an  angle  of  63,4®  with  respect  to  the  table  of  the  machine. 
The  details  of  the  jig  are  ir.clxided  in  the  Appendix,  Two  cuts  were 
made  to  form  the  isosceles  triangle  and  were  spaced  as  needed.  The 
bar  could  then  be  cut  up  Into  Individual  sections  or  left  as  one 
piece*  Preliminary  tests  showed  that  there  was  no  difference  between 
tho  performance  of  Irdlvidual  specimens  and  the  performance  of  a 
single  bar  with  multiple  test  sections* 
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Figure  III-13.  Grinding  apparatus  for  notching  fracture  toughness 
specimens. 

III.D.  Fract (graphic  Analysis 

HIJD.l.  Scanning  Electron  Kicroscony 

Maur  of  the  effects  of  the  intemtttent  bond  on  the  frac¬ 
ture  sequence  are  manifested  on  the  fracture  surface  of  the  composite. 
Scanning  electron  microscopy  was  the  primary  means  of  examining  and 
photographing  fracture  surfaces  in  this  research.  Seme  optical 
■ieroscopy  was  used  for  comparison  and  low  magnification  photography. 
The  scanning  electron  microscope  (SEH)  used  in  this  research  was 
«  Japan  Electron  Optics  Laboratory,  Co.,  Ltd.  (JEOL),  D-3  microscope. 
The  reader  unfamiliar  with  the  operation  or  theory  of  the  SEH  can 
find  an  informative  survey  discussion  in  Murr  (1970). 
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Spocim«n  proparation  of  the  composite  fracture  surfaces  for 
the  SEM  is  as  follows.  The  spocimens  were  cut  off  about  1.6  mrn 
(0.063  In)  below  the  fracture  surface  using  the  diamond  saw  for 
the  bend  type  of  specimen,  or  a  heavy  pair  of  shears  for  the 
eonposlte  tensile  specimens.  The  fracture  surface  pieces  were 
then  glued  to  brass  cylinders,  12.7  nm  (0.5  in)  in  diameter  and 
10  an  (O.h  in)  high. 

The  epoxy  in  the  composite  is  an  insulating  material  and  will 
"charge"  like  a  capacitor  unless  a  conductive  layer  is  deposited 
on  the  surface!  the  electrons  absorbed  by  the  specimen  from  the 
electron  beam  must  bo  conducted  away  from  the  sample  or  will  ad¬ 
versely  affect  the  electron  beam.  The  secondary  electron  emission 
will  be  enhanced  if  the  deposited  material  is  of  high  atomic  number. 
The  early  specimens  were  coated  with  chromium  (Cr)  in  a  standard 
vacuum  evaporator.  The  chremium  layei  was  not  continuous,  thus 
permitting  localized  charging  of  the  sample  to  occur  which  resulted 
In  poor  quality  micrographs.  A  glow  discharge  apparatus  was  later 
Installed  for  coating  the  specimens.  The  glow  discharge  process 
involves  ionized  gas  molecules  striking  a  metal  target  and  displacing 
metal  atoms.  The  target  in  this  apparatus  was  gold  (Au),  The  Au 
atoms  would  oven  reach  reentrant  corners  of  the  specimen  if  placed 
•in  the  glow  region.  The  Au  coating  was  uniform  across  the  fracture 
surface,  as  shown  by  the  enhancement  of  the  imago  quality  and  lack 
of  charging. 

The  coated  samples  were  then  examined  in  the  S£2(.  An  accelerated 
voltage  of  15  KV  was  routinely  employed.  If  the  metallic  coating  were 
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discontinuous ,  the  voltage  was  reduced  to  5  KV  to  mlninl*©  charge 
effects.  The  resolution  and  slcnal-to-noiae  ratio  of  the  Image 
was  reduced  correspondingly.  Higher  voltages  were  seldom  employed 
to  nlrtimizo  specimen  damage.  The  photographs  were  taken  fron 
35  to  10,000  times  nagTdfication,  All  pertinent  data  for  the 
Micrographs  included  in  Chapter  Four  are  given  in  the  Appendix. 

The  film  used  to  record  the  images  was  Polaroid  55  P/H  film. 

The  film  produces  both  a  positive  and  a  permanent  negative.  The 
image  size  was  60  mm  by  60  ram.  The  correct  intensity  and  contrast 
were  determined  using  a  wave  form  monitor  calibrated  for  a  fifty 
socond  scan  rate. 

III.D.2.  Optical  Microscopy 

A  limited  amount  of  optical  micrography  was  performed  on 
the  ft^ctxnre  surfaces,  A  I«eitz  Ortholux  microscope  was  used  for 
the  magnification  range  of  50  to  ^50  times.  Internal  and  oblique 
incandescent  Illuminators  were  used  as  needed,  A  standard  Nikon  F 
body  and  microscope  adapter  were  used  to  i^otograph  the  images  with 
Kodak  Tri-X  film  exposed  at  ASA  300,  A  Polaroid  camera  body  using 
Polaroid  107  ASA  3000  speed  film  was  also  employed,  A  Gossen 
Microsix-L  exposure  meter  Indicated  the  correct  exposure.  The  equiva¬ 
lent  **F-stops**  for  the  microscope  are  as  follows i  f-11  with  the  20X 
eyepiece;  f-4  with  the  10-X  eyepiece;  f-1,4  with  the  %  eyepiece. 
Specimens  were  photographed  in  both  the  "as  fractured"  condition  and 
the  SEM  prepared  condition. 

Low  magnification  pictures  (less  th^n  50-O  were  taken  using  a 
Bausch  and  Lcmb  Stereo-zoom  7  microscope.  An  adapter  was  made  to 


attach  the  Klkr)n  be 3y  to  the  mlcroncono,  thus  enabling  ono  to  focus 
the  inago  critically.  The  filii  used  in  tho  camera  van  oithor  K  &  M 
control  film  rated  at  o.I,  BO  or  Kodak  Trl-X  Pan  rated  at  ASA  3OO, 
Negatives  were  printed  as  89  m  x  127  nen  (3.5  x  5  in)  prints  on 
glossy  paper. 

III.D.3.  Macrorconic  FhotoT:r.anhs 

Equipment  and  macrophotc?:raphs  were  taken  with  a  Canon 
PoHlx  35  inn  camera  with  a  Canon  50  mm  f  3*5  riicro  lens.  The  film 
tuted  was  H  &  W  control  film  rated  at  E.I,  80  and  the  excosuro  deter- 
Blned  with  the  internal  meter  of  tho  camera. 


CHAPTER  IV 

Exporlngntal  Results 
IV  Test  Data 

The  experimental  results  of  this  research  are  presented  in  this 
chapter.  The  data  will  be  presented  in  chronological  order  to  denon- 
strate  the  evolution  of  the  thesis  in  lieu  of  a  systematic  presenta¬ 
tion. 


IV.A.1.  Epoxy  Results 
IV.A.l.a.  Stress-Strain  Data 

Preliminary  tests  ware  conducted  with  plain  epoxy  tensile  spec¬ 
imens  to  evaluate  the  matrix  material  and  standardize  the  casting 
procedure.  Subsequent  tests  were  conducted  to  determine  the  repro¬ 
ducibility  of  the  matrix  properties. 

The  epoxy,  as  stated  in  section  1-2,  was  a  combiration  of  twenty- 
five  parts  Shell  Curing  Agent  Z  per  hundred  parts  of  Shell  Epon  828 
resin  by  weight.  The  cure  cycle  was  standardized  at  one  hour  at  66®  C 
followed  eleven  hours  at  123®  C  under  a  partial  vacuum  of 
(15  in)  of  Hg. 

Table  IV -1  gives  the  mean  mechanical  properties  of  the  epoxy 
along  with  the  individual  high  and  low  values.  The  strain  is  deter¬ 
mined  using  an  extensometer  (see  section  III-2)  to  measure  the  spec¬ 
imen  elongation  and  the  forrmlai 

C  =  AL/L^  (IV -1) 
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where  Is  the  a:<lal  strain,  is  the  Glon(tation  of  the  test 

section,  and  5.5  tho  original  length  of  the  gauge  section,  Tho 
fracture  strength,  (T  ,  is  calculated  by  dividing  the  naxiMtra  load 
by  the  original  cross  sectional  area.  The  fracture  strength  is 
numerically  equal  to  the  tensile  strength  because  this  particular 
epoxy  never  attains  a  teiisile  instability  (a  zero  slope  in  the  load 
elongation  cur\o). 

The  tensile  specimens  are  cast  in  open-top  molds,  and  a  menis¬ 
cus  forms  on  tho  free  surface.  The  cuim/ature  of  the  meniscus  is  a 
function  of  the  amount  of  epo:<y  cast  In  the  mold.  The  area  of  the 
cross  section  is  approximated  by  the  foLlowing  formula j 

A  *  W(h.+  h„)/2  (lV-2) 

t  n 

i^ere  A  is  the  area,  W  is  the  width  of  the  specimen  (6,67  oai  or 
0.263  in),  \  is  the  maximum  thickness  of  the  cross  section,  and  h^ 
is  the  mold  height  (1,57  or  ,C625  in).  The  elastic  modulus,  E  , 
is  deteiTilncd  from  the  initial  tangent  slooe  of  the  load  elongation 
using  the  following  reLationshipi 

E  =  AX/AeA  (lV-3) 

where  E  is  the  elastic  modulus,  AX  is  the  change  in  the  load  of  the 
tangent,  Ae  is  the  change  in  the  strain  of  the  tangent  and  A  is 
the  original  cross-sectional  area. 
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table  IV.  1. 

Epo.xy  ToriGile  Results 


Fracture 

Strain 

Tonsils 

Strength 

MN/m2  (ksi) 

Elastic 

Modulus 

GN/m2  (x  10^  psi) 

Kean  Value 

2.79 

66.5  (9.64) 

3.21  (4.65) 

High  Value 

5.12 

92.5  (13.42) 

3.73  (5.40) 

Low  Value 

1.5^^ 

43.5  (6.31) 

2.69  (3.90) 

A  tabulation  of  all  tho  individual  specimen  properties  can  be  found 
In  the  Appendix. 

Tho  stress-strain  behavior  of  all  of  the  epoxy  specimens  are 
consolidated  into  tho  stress-strain  curve  shorn  in  Figure  pZ-l. 

The  fracture  stresses  ar^l  strain  aro  denotatod  by  x’s.  It  is  of 
interest  to  noto  how  well  the  points  blend  into  tho  curve,  remember¬ 
ing  how  disparate  the  extrema  values  are. 

IV.A.l.b.  Griffith  Analysis 

The  form  of  the  stress-strain  curve  of  the  epoxy,  Figxiro  IV -1, 
is  that  of  an  elastic  material.  The  epoxy  is  not  linearly  elastic 
because  tho  slope  of  tho  stress  strain  curve  is  changing.  Preliminary 
tests  show  that  the  plastic  strain  is  only  a  small  percentage  of  the 
total  strain.  An  epoxy  specimen  loaded  to  a  total  strain  of  4,5^ 
and  tinloaded  showed  a  plastic  strain  of  loss  than  l/45b,  or  about 
5?>  of  the  total  strain.  Higher  strain  rate  tests  showed  even  less 
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Figure  IV -1,  Stress-strain  curve  ior  the  eno:<y  matrix 
material* 

plastic  strain.  Therefore,  the  epoxy  can  be  assumed  to  be  non-linear 
elastic  (i.e, ,  having  a  changing  modulus).  The  elastic  nature  of  the 
epoxy  deformation  and  the  wide  range  of  strength  values  would  suggest 
that  Griffith-type  flaws  were  present  in  the  material  (see  section 

The  Griffith  equation  for  fracture  strength  in  Irwin's  notation 
Is  (equation  I-10)» 

a  =  t  EGg/  TTc  (IV-4) 


where  a  is  the  strength,  is  the  critical  strain  energy  release 

rate,  c  is  the  crack  length  and  E  is  the  elastic  modulus.  Since  the 
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elastic  ncdulus  of  a  r.on-linoar  elastic  material  is  not  constant, 
an  intef;rated  avf^ra'^e  eLastlc  modulus  shall  be  used. 

The  into:^ratc<i  average  elastic  modulus,  E,  is  calculated  by 
equating  tho  non-linear  elastic  strain  enorgj/'  with  a  hypothetical 
linear  elastic  strain  energy.  Tho  area  under  the  stress-strain 
curvo  (Figure  IV-l)  reorosents  the  strain  energy  of  the  epoxy.  This 
area  was  measured  using  a  Keuffal  and  Essor  polar  planineter  (model 
no.  4236)  and  averaging  three  values.  Tho  strain  energy  of  tho  hypo¬ 
thetical  linear  elastic  epoxy  is 

U  =  1/2  (S)^  e  (17-5) 

where  U  Is  tho  strain  energy,  and  e  is  tho  elastic  strain,  which 
is  nunoiically  equal  to  tho  anolastic  strain.  If  the  measured  strain 
energy  is  equated  to  r/-5,  an  integrated  average  modulus,  E,  is  cal¬ 
culated  to  bo  2.46  Gli/m^  (3.57  x  10^  FSI),  which  is  25?-  lov?cr  than 
the  initial  tar4^cnt  modulus. 

The  flaw  size,  c,  was  estimated  from  tho  fracture  surface  using 
either  scanning  or  ontied  microscopy.  The  location  of  tho  flaw  was 
determined  from  the  fracture  surface  markings,  see  Figure  IV -2.  The 
size  of  the  flaw  was  estLmrated  from  measuremonts  taken  from  v^oto- 
graphs  or  microscope  stage  movement.  The  flaws  were  generally  ellip¬ 
soidal,  fan-shaped,  or  quarter  circles j  the  area  of  each  was  calculated 
using  the  appropriate  forrmla.  The  flaw  in  the  analysis  was  assumed 

to  bo  circular  in  cross-section,  and  the  characteristic  dimension,  c, 

2 

was  simply  the  radius  of  a  circle  whose  area  (  ire  )  was  equal  to 


measured  flaw  area. 
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FigTir©  IV -2.  SEI-1  fracto<^raph  (55x)  of  a  plain  epoxy  ten*;!!©  soecinen. 

The  initiatiiu;  flaw  apoears  as  a  dark  circle  in  the  Ic^ior 
central  portion  of  the  fracture  surface.  The  flaw  radius 
Is  approximately  0,22  nn. 

Thirteen  epoxy  specimens  were  analyzed;  the  fracture  strength, 
t  and  the  flaw  size,  c,  were  tabulated  and  are  included  in  the 
Appendix,  Figure  IV -3  is  a  graphical  plot  of  the  data  with 
plotted  on  the  ordinate  and  l/c  plotted  on  the  abscissa,  A  straight 
line  was  drawn  by  eye  through  the  data  points,  A  more  sophisticated 
approximation  technique  was  not  warranted  because  of  the  inexact 
nature  of  the  data.  The  slope  of  the  lino  (  Aa^.  /  A(l/c3)  is  equal 
to  the  product  (  E  G^/  tt  )  fran  equation  IV -4, 

=  {A(a^)^Tr/(A(l/c)E)} 


(IV-6) 
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Sub3titutir,-r  values  of  «  IB  X  IQ^  (usi)2,  A  (1)  »  166 

^  "  3.37  X  10^  p3i  into  equi'.ticr.  IV-6  auarda  Gc  a  value  of  9.5 
Ib/in^  (1.69  K«J/n^).  Gorton  (1963)  citas  a  value  for  Gc  of  6.1  in- 
Ib/in^  (1.07  KJ/pt^)  for  an  epoxy  of  a  different  composition  uoin^t 
a  centrally  notched  tensile  bar  specimen. 


figure  i/-2.  (i3trer.;7th)  -  -  reciprocal  of  the  flaw  radius  curve 
for  the  Qcoxy  matrix  material, 

IV .A. 2.  As-rocetved  Ecron-Eroxy  Comcosites 
Test  Rosults 

Monolayer  ccmposlto  tensile  specinons  were  produced  with 
as-received  (uncoated)  boron  filament  in  the  manner  described  in 
Section  III -3.  This  test  series  established  a  baseline  performance 
for  the  boron-epoxy  system.  A  total  of  fourteen  tests  were  con¬ 
ducted)  a  tabulation  of  the  mechanical  properties  can  be  found  in 
Appendix  A,  Table  IV -2  gives  the  mean,  high  and  low  values  for 
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straln  to  failure,  fracture  stress,  and  elastic  modulus.  The  physi¬ 
cal  properties  were  determined  in  the  same  manner  as  described  in 
Section  IV -1,  except  for  the  elastic  modulus.  The  elastic  or  Young’s 
modulus  of  the  composite  specimens  is  determined  by  using  a  finite 
strain  tangent.  The  initial  (or  zero  strain)  tangent  method  (as 
described  in  section  IV,A,1)  for  determining  the  modulus  is  not 
meaningful  with  this  typo  of  specimen,  A  typical  stress-strain 
curve  of  a  composite  tensile  specimen  is  shown  in  Figure  IV -4, 


Figure  IV-4,  Stress-strain  curve  for  uncoated  boron  filament 
canposite. 

Notice  how  the  shape  of  the  stress -strain  curve  changes  for  the  first 
few  hundredths  of  a  percent  strain.  The  canposite  modulus  is  taken 
from  the  slope  of  the  curvo  past  this  initial  non-Unear  portion, 
generally  at  about  0,25e.  There  a:re  many  possible  explanations  for 
this  initial  non-linear  behavior,  such  as  slight  specimen  bending  or 
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*  corapresslve  prestrain  of  the  filaments  duo  to  the  differential 
thermal  contraction  of  the  composite,  (The  thermal  coefficient 
of  the  expansion  of  the  matrix  is  5.1  x  10“^  in/in  °  C  and  that 
of  the  filament  is  2.7  x  10*^  in/in  ®  C).  The  important  thing 
to  note  is  that  this  comprises  a  very  small  percentage  of  the 
total  strain. 

All  of  the  stress-strain  data  were  Incorporated  into  one 
stress-strain  curve  as  shown  in  Figtire  IV -4.  The  stress-strain 
curve  of  the  epoxy  is  also  included  for  comparison.  The  relative 
strengths  of  the  epoxy  and  the  composite  are  nearly  equal,  but  the 
strain  to  failure  of  the  epoxy  is  much  greater  than  that  of  the 
CCBjposite.  The  strain  to  failure  of  the  composite  is  of  the  sane 
order  of  the  strain  to  failure  of  the  filament,  indicating  that  the 
composite  is  thus  "filament  controlled", 

TABLE  IV.2. 

Physical  Properties  of  Uncoated  Monolayer 
Conposites 


Fracture 

Strain 

Tensile 

Strength 

Elastic 

Modulus 

MK/iaZ  (ksi) 

GH/n2  (x  10^  psi) 

Kean  Value 

0.582 

65.6  (9.51) 

11.0  (1.60) 

High  Value 

0.670 

74.4  (10,79) 

11.9  (1.73) 

Low  Value 


0.448 


52.8  (7.66) 


10.4  (1.51) 
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The  mean  strain  to  Is  and,  if  ono  assunos  a  constancy 

of  strain,  this  corrcsoonds  to  a  filuMcnt  stvocs  of  2.20  Gh/n^', 
indicating  mode  I  typo  of  behavior  (ceu  section  II -1),  Ho  filanant 
fractures  (audlblo  emissions)  were  heard  prior  to  composite  failure. 

n.A.3.  FlLincnt  Pullout  Data 

The  filament  puUoitt  test  (see  section  III-l)  vas  originally 
designed  to  evaluate  tho  interfacial  shoar  strength  of  various  fila¬ 
ment  treatments  and/or  coatings.  After  tho  preliminary  tests  were 
conducted,  it  was  decided  that  a  full  monolayer  composite  specimen 
containing  treated  fibers  would  give  a  more  meaningful  evaluation 
of  the  coating  than  tho  simple  uullout  tests  metliod.  Two  serious 
problems  developed  with  the  pullout  testt  maintaining  filament  align¬ 
ment  during  the  castirug  and  curing;  of  the  epoxy.  The  second  problem 
stemmed  from  the  diffic’ilty  of  holding  the  soecimen  in  the  tensile 
machine' xrithout  placing  the  filament  in  torsion.  Tho  tests  wsro 
inconclusive,  hence  the  filament  pullout  test  was  rejected  for  the 
evaluation  of  the  coatings,  Tho  effects  of  the  coatings  would  be 
most  realistically  represented  in  full-size  monolayer  specimens, 

r/.A.4,  Filament  Coating  Tests 

The  object  of  this  test  series  was  to  determine  the  proper 
coating  that  would  meet  the  following  criteria!  (1)  The  coating 
must  lower  the  interface  strength  below  the  limits  set  forth  in 
section  I-C-2.,  (2)  The  coating  must  be  relatively  easy  to  apply  at 
room  temperature  and  not  "creep"  along  the  filament  due  to  surface 
tension,  (3)  The  coating  must  be  stable  under  curing  conditions, 
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e.£.  not  inclined  to  volatilize.  The  noasuro  of  effoctivonoss  of 
tho  coating  vas  the  strain  to  failure  of  the  coated  composite. 
Several  coating  mitorials  had  been  tried  and  rejected  before  this 
research,  namely  acetone,  kerosene,  mineral  oil,  and  collodion 
(Hoinbuch,  1970).  The  materials  chosen  for  this  evaluation  pro¬ 
gram  were:  WD  40,  an  organic  wetting  agent  manufactured  by  the 
Rocket  Chemical  Company;  Cutmax  5^8,  a  hydrocarbon  oil  manufactured 
by  Houghton  Inc.;  teflon  sheet  and  rod  manufactured  by  DuPont 
Chemical  Co.;  and  Silicon  grease,  manufactured  by  Dow  Corning. 
Graphite  was  not  chosen  because  the  data  from  Mullen  et  al.  (1970) 
indicated  it  failed  to  lower  the  shear  strength  sufficiently  to 
obtain  mode  III  failure  (see  section  I-C), 

The  method  of  application  for  the  preliminary  tests  was  as 
follows:  The  liquid  materials,  V/D  40  and  Cutmax,  were  used  to 
saturate  a  wad  of  cotton  through  which  the  filament  was  then  drawn. 
Tho  silicon  vacuum  grease  (SVG)  was  applied  by  drawing  the  filament 
between  greased  fingers.  Both  methods  produced  visually  uniform 
coatings.  The  solid  teflon  was  made  to  adhere  to  the  filament  by 
simply  abrading  tho  teflon  with  the  rough  surface  of  the  boron  fila¬ 
ment,  This  process  removed  a  layer  of  teflon  about  0.01  /im  thick 
(Ludema,  1970).  The  tensile  results  of  tho  coated  samples  are  shown 
in  the  following  table. 

Tho  average  stress-strain  cui*ves  for  the  coated  monolayer  spec¬ 
imen  are  shown  in  Figure  IV -5.  It  is  apparent  that  SVG  coating 
material  was  the  most  suitable. 


TABLE  IV-3 


Mechanical  Properties  of  Coated 
Monolayer  Conposites 


Coating 

Material 

Fracture 

Strain 

i 

Tensile 

Strength 

MN/n^  (ksl) 

Elastic 

Modulus 

GN/m^  (x  10^) 

Cutnax 

0.750 

69.0  (10.0) 

9.2  (1.33) 

WD  ho 

0.855 

81.5  (11.82) 

9.8  (1.42) 

Teflon 

0.605 

67.5  (9.79) 

11.7  (1.70) 

SVG 

J.ho 

96.4  (13.98) 

8.85  (1.29) 

.901  -Ovt  ’OOt  Ota  .OI»  020  JOIM  ,Oia  .031  056 

Strain  ann/sm 


Figure  IV -5 •  Stress-strain  curves  for  uniformly  coated  conoosites, 
a  -  VD-40  coated,  b  -  Cutnax  coated,  c  -  Teflon  . 
coated,  d  -  SVG  coated,  and  e  -  plain  eooxy. 
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IV . A. ,  5 •  Int-^riitt.onfcly  C Ton-^ ll.o  To-st? 

Silicon  vacuu;n  groaso  (SVO)  whs  cl.osen  fron  tho  co.itln? 
evaluation  tosts  as  tho  bond  reducing  agent  in  this  research  (see 
section  IV, A, 4),  The  grease  was  an  ideal  naterial  -  besides  ful¬ 
filling  the  bond  strength  degradation  requirement,  it  was  viscous, 
tenacious,  stable  in  most  solvents  and  unaffected  by  temperatures 
up  to  200°  C,  as  well  as  possessing  a  vapor  pressure  of  less  tlwn 
10”^  a  of  Hg.  A  coating  device  was  designed,  as  described  in 
section  III-C,  to  accomnedato  SVG, 

The  variables  to  be  investigated  in  this  portion  of  tho  research 
were:  (1)  tho  ratio  of  coated  to  uncoated  length  (L^/L^q),  or  equiva¬ 
lently  the  ratio  of  the  volume  of  coated  filament  to  the  volume  of 
uncoatad  filament j  and  (2)  the  ratio  of  the  uncoated  length  to  the 
filament  diameter  ratio.  This  ratio  (L^j/d)  must  be  greater  than 
the  critical  transfer  length  (see  section  I-B-1),  It  was  decided 
to  set  this  ratio  equal  to  one  hundred,  since  this  would  acconmedate 
interfacial  shear  strengths  as  low  as  15.9  (2300  pci),  which  is 

weaker  than  the  lowest  bond  strength  of  untreated  boron  epoxy  cited 
in  the  literature. 

Tho  only  remaining  independent  variable  was  the  ratio  of  coated 
length  (or  volume)  to  the  total  filament  length  (or  volume).  The 
ratio  tested  ranged  from  a  low  of  to  a  high  of  81^,  The  ratio 
of  coated  to  uncoated  length  ranged  correspondingly  frm  0.6l  to 
4,25  ♦  The  lower  limit  of  3^^^  was  sot  by  the  coater  design, 

and  the  upper  limit  determined  by  the  specimen  design. 

The  reason  for  the  lower  limit  of  3^^  was  as  follows:  (l)  tho 
uncoated  length  was  predetermined  at  one  hundred  filament  diameters 
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(10  rw)|  (2)  the  soft  rollers  of  the  coating  device  distorted  when 
In  contact  and  produced  a  contact  region  6,3  rra  (0,250  in)  wide 
as  shown  in  Figure  IV -6, 


Figure  IV -6,  Geometry  of  the  coating  rollers  during  contact. 


The  shortest  coated  length  (L^,)  was  6.3  mm,  therefore,  the 
smallest  ratio  Lg/(Lg  +  was  0,33  (6,3  rm/l6,3  mm).  The  upper 
ratio  of  L^/(L^  +  L^j)  was  United  to  0.81,  because  the  cycle  length 
(I^  +  I*uc)  must  be  less  than  or  equal  to  the  gage  length  of  the 
tensile  specimen  [57  mm,  (2.25  in)]  for  there  to  be  at  least  one 
coated  and  one  tincoated  length  in  the  test  section  for  each  filament. 
The  Xongest  coated  length  was  then  equal  to  47  mm,  (1,85  in)  (Gage 
length  -  Luc)»  Therefore,  the  highest  possible  ratio  I^/(Lg  + 
is  0.825  (47  mm/57  mm). 

Table  IV -4  provides  a  summaty  of  the  test  results  of  the  tensile 
properties  of  the  Intermittently  coated,  monolayer  composites,  AH 
of  the  properties  given  in  Table  IV -4  were  determined  In  the  manner 
discussed  in  section  IV, A. 2,  A  tabular  list  of  all  the  tensile  tests 
appear  In  the  Appendix  A, 


Th«  Kochanlctl.  Properties  of  Intermit  to  ntly  Coated 
Ccrr.pesitos,  (C eating  Hatorial  -  SVG) 
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IV.A,6,  Fracturo  Tounhr.<>r.s 
IV*A.6.a«  Average  Work  of  Fracture 

This  tost  series  was  performed  to  determine  the  fracture  tough¬ 
ness  of  uncoated  boron-epoxy  composites  and  the  effect  of  an  inter¬ 
mittent  coating  on  the  fracture  toughness.  The  specimens  were 
notched,  three  point  bend  type  specimens  as  described  in  section 
III-l,  The  physical  properties  of  the  composite  tested  were  as 
foUowst  flexural  strength — 1,20  to  1.28  Gll/n^  (I7h-186  ksi), 
tensile  modulus — 15^  to  174  GN/n^  (22.3-25.2  x  10^  psi)#  volume  per¬ 
cent  filament— to  45;^,  density— 1.66  to  1.73  (.0599-. 0624 

Ib/in^),  The  composite  was  produced  in  bar  form  and  notched  with 
a  diamond  saw  to  produce  the  test  sections  (see  section  III-3). 

The  tests  were  corxiucted  in  an  Instron  testing  inachir*e  and  the 
load  plots  were  plotted  on  a  chart  recorder.  Dynamic  effects  can 
be  neglected  because  of  the  low  crosshead  velocities  involved  (0.5  vsn/ 
adn)  (83  «/s)j  therefore,  the  deflection  of  the  scecimen  is  directly 

proportional  to  chart  travel  as  this  is  a  stiff  testing  machine,  A 
load  deflection  curve  can  then  be  constructed,  and  the  area  under  the 
load-deflection  represents  the  energy  dissipated  in  fracturing  the 
specimen,  A  typical  load  deflection  ctirva  of  a  three-point  bend  test 
on  a  composite  material  Is  shown  in  Figure  IV -7, 

The  notched  composite  bar  fractures  discontinuously,  as  shown  by 
the  saw-tooth  form  of  the  load  deflection  curve.  Acoustical  bursts 
can  bo  heard  at  each  load  dropi  presumably  this  is  a  result  of  grouns 
of  filaments  breaking  as  the  crack  orogresses. 

The  following  mechanical  properties  can  be  extracted  fraa  the 


Deflection 


Figure  3V-7*  Tyoical  load-deflection  curve  for  a  throe  point 
bend  toughness  test, 

load  deflection  curve:  flexural  modulus,  flexural  strength  and 
ftracture  toughness.  The  flexural  modulus  can  be  determined  using 
the  following  formula: 

E  -  2280  (Kt/1  -  Kt/Km)  psi  (IV-.?) 

^ere  Kt  Is  the  stiffness  of  the  uncracked  specimen  and  Km  is  the 
stiffness  of  the  testing  machine.  The  constant  factor,  2280,  is 
derived  from  an  energy  analysis  using  simple  bending  theory,  (This 
theory  can  be  found  in  the  Appendix,)  The  machine  stiffness  is 
accounted  for  by  the  correction  (Kt/l  -  Kt/Km) » 

The  flexural  strength  is  determined  from  the  simple  bending 
stress  equation 
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a  *  6xi/bh^  (r/-,3) 

whore  X  la  tho  nAxinvan  load,  1  is  the  total  len^jth  of  the  specinion 
(35  wn)»  b  Is  the  thickness,  and  h  is  tho  hoiirht  of  tho  specimen. 

The  fracture  tou^hnoss  can  be  determined  by  graphically  inte¬ 
grating  the  load -deflection  curve.  Tuo  methods  vera  employed  for 
the  graphical  integration,  the  first  consisted  of  an  approximation 
of  the  area  using  a  series  of  triangular  sections,  the  second  in¬ 
volved  measuring  tho  area  with  a  polar  planLmcter  (Keuffel  and  Kssor 
modal  The  plauimoter  readings,  rated  accurato  to  within  one 

percent,  were  v/ithin  three  percent  of  tho  triangular  aoproximation 
method.  Routinely,  three  readirgs  were  taken  with  the  planimeter 
and  an  average  taken  on  the  three.  The  work  of  fracture,  /  ,  is 
simply  the  area  of  tho  curve  dindded  by  the  cross  sectional  area, 
(This  is  the  integrated  average  vrork  of  fracture.) 

The  interlaminar  shear  strength,  T  ,  was  determlnod  with  a 
short  span  unnotched  composite  bean  loaded  in  three  point  beTviing, 
Figure  IV-8  represents  the  load  deflection  curve  of  a  typical  short 
beam  specimen.  The  curve  has  an  ultimate  load  lAich  is  associated 
with  the  interlaminar  shear  failure.  The  load  drops  off  after  ulti¬ 
mate  due  to  tensile  failure  of  the  outer  filaments.  The  shear 
strength  is  determined  with  the  following  equationi 

T  *  3X„^^/Ubh  (lF-9) 

max 

where  is  the  ultimate  load,  b  and  h  are  the  base  and  height  of 

the  specimen  respectively. 
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Deflection  (  10“^  cn) 

Figure  IV -8.  Typical  load-deflection  curve  for  an  ILS  test. 

The  test  series  consisted  of  conposita  bars  containing  as-re¬ 
ceived  filaraents,  filaments  boiled  in  methanol,  filaments  fully 
coated  with  SVG,  filaments  intermittently  coated  with  SVG  and  then 
coated  with  epoocy  dissolved  in  acetone,  and  filaments  simply  inter- 
Bdttently  coated  with  SVG, 

Table  IV -5  summarizes  the  results  of  this  test  series. 


Koeh«nloal  Proportles  ot  th«  Fr&eture  Toushnots  Band  Spoclnana 
As  A  Function  of  Surfaoo  Troatmont 
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IV,A,6,b,  Ir.crcmontti  Work  of  fracture 

The  precediiiC  values  of  tha  work  of  fracture  were  t’la  inte¬ 
grated  average  values,  nanely  the  total  energy  con3u:ned  divided 
by  the  net  cross  section.  It  was  of  interest  to  determine  the 
incremental  work  of  fracture  as  a  function  of  crack  area  since 
this  would  demonstrate  the  consequence  of  the  spoclnen  shape  on 
fracture  toughness. 

There  are  two  procedures  for  obtaining  the  incremental  work 
of  fracture;  the  first  is  a  modification  of  Imin's  method  (Beaumont 
1972),  and  the  second  is  the  energy  method.  Both  processes 
require  the  functional  relationshio  between  the  specimen  compliance 
(  1/k  )  and  crack  area  (A)  be  known.  The  relationships  were 

determined  experimentally  in  the  following  manner.  An  uncut  speci¬ 
men  (A«»0)  was  loaded  in  three -point  bending  to  determine  its  compli¬ 
ance.  The  specimen’s  test  section  vras  then  cut  to  a  depth  of  0.13  can 
(,005  in)  with  a  diamond  saw  and  its  compliance  was  measured.  This 
process  of  removing  0,13  nm  (.005  in)  of  the  test  section  and  measur¬ 
ing  its  compliance  was  continued  through  the  test  section.  Care  was 
taken  during  the  loading  of  the  "cracked"  specimen  to  avoid  fracturing 
ary  uncut  filament;  the  load  was  raised  until  the  load  deflection 
curve  became  linear.  The  crack  deoth  was  converted  to  crack  area 
and  the  following  grachical  relationships  (Figure  Vf-9)  between  cen- 
pliance  and  crack  area  were  generated. 

In  order  to  determine  the  work  of  fracture  from  Irwin's  relation- 

Y  a  G^/2  a  X^3(l/k)/  1;9A  (IV-IO) 
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shipa,  It  ’.w;3  to  dotc^riTiino  tho  load  X  and  tho  dit'forontial 

of  ccrtpliai.cn  w’/ch  roscnct  to  crack  area  3(l/k)/')A  ,  Tv:o  rotheds 
wore  used  to  detemino  (  9(i/tO/DA  ),  one  beintj  an  order  poly- 
noninal  re,';res5don  forr4ula  and  the  other  a  sinplo  graphical  slope 
(  A(l/k)/AA  )  of  tho  ccrtpliance  curve.  Since  the  cennuter  program 
for  the  regression  formula  was  never  fully  oeerative  and  given  the 
accuracy  of  the  graphical  method,  the  latter  v;as  considered  sufficient, 
Figxire  IV -10  deuicts  a  typical  lead  deflection  curve,  showing  tho 
various  compliances  (  1/k^  )  ard  their  corresponding  r:aximun  loads 
(  ),  The  work  of  fracture  is  then  equal  to; 

Yi  =  {A(l/k)/AA}.  (IV-U) 

The  energy  method  is  related  to  the  integrated  average  in  tho 
sense  that  it  measures  the  energy  dissipated  by  tho  crack  as  it  ad¬ 
vances  over  a  detoininable  area,  Ono  of  the  assumptions  made  in 
this  procedure  is  that  a  cracked  membor  will  return  to  zero  deflec¬ 
tion  when  the  cracking  load  is  removed.  This  is  delineated  by  tho 
line  B-C  In  tho  sector  area  of  Figure  IV.  The  lino  A-B  gives  the 
conpllarjce,  hence  the  area  (from  Figure  r/-9)  can  be  deduced.  The 
lino  B-C  gives  tho  compliance  and  the  area  after  the  cracks  stops. 

The  integrated  area  of  the  sector  A-B-C  represents  the  energy  dissi¬ 
pated  with  the  crack  advancement  from  area  (Aj^)  to  area  (A2)  and 

is  measured  using  a  polar  planimeter.  The  incremental  unit  of  frae- 

Area  (Energy) 

ture,  tfi  ,  is  therefore,  equal  to  A2  -  ,  where  area  is 

representative  of  the  energy  associated  with  the  sector  area,  and 
A-2»  crack  area  bofore  and  after  crack  advancement.  It  should 
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bo  realised  that  this  procoduro  k1''/’Q3  avorage  work  of  fracture 
over  the  area  of  crack  advancor.ent. 

A  comparison  of  the  two  techniques  for  dotemining  /;  using  one 
sample  Is  included  in  Table  IV -6. 

TABIE  IV-6 

Incremental  Work  of  Fracture  Yalixos  Computed  Using  the 
Energy  Method  and  the  Modified  Ir-win  Method 

Work  of  Fracture 

Region  EnerjT'.’’  Tr.rln  Area  of  Region  In^ 

In-lb/in^  ( k J /ra^  )  in-lb/l  ( k J ) 


1 

19^(34.7) 

126(22.2) 

.0016 

2 

233(40,8) 

211(27.0) 

.0007 

3 

276(48.3) 

310(54.3) 

.0014 

4. 

283(49.5) 

312(5^K5) 

.0016 

5 

203(35.6) 

272(47.6) 

.0037 

Remainder 

129(22.6) 

170(29.6) 

.0085 

Total 

131(31.7) 

181(31.7) 

.0175 

The  energy  method  was  used  to  delimit  the  incremental  work  of 
fracture  for  several  specimens.  Figure  IV -11  is  a  plot  comparing 
the  work  of  fracture  of  several  types  of  specimens, 

IV,A,6,c,  Electrtcal  Resistance  Method 

An  attempt  was  made  to  utilize  the  electrical  resistance  measure¬ 
ment  of  a  specimen  as  a  crack  area  indicator.  This  is  possible  be¬ 
cause  the  boron  filaments  (actually  the  tungsten  boride  core)  is  a 
conductor  and  the  epoxy  matrix  is  an  Insulator.  The  filaments  can 
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different  filanent  conditions. 

be  considered  as  parallel  resistors  and  the  following  relationship 
between  crack  area  and  measured  resistance  is  obtained: 

=  (1-(R  /  RJ)A^  (IV -12) 

o  i  o 

where  A  is  the  instantaneous  crack  area,  is  the  net  area, 

“i  ° 

is  the  initial  resistance  and  is  the  Instantaneous  resis¬ 

tance. 

The  electrical  connection  between  the  filanent  was  made  by 
polishing  the  ends  of  the  specimens  to  expose  the  conducting  cores) 
the  ends  were  painted  with  conducting  paint  and  leads  attached  to 
the  ends  of  the  specimens.  The  electrical  resistance  was  measured 
with  a  digital  ohmneter  accurate  to  id.thin  (Weston  model 

1241  YOH). 


-86- 


The  resistance  measxire?nants  wore  recorded  at  each  load  drop 
and  the  correspond! no;  crack  area  increase  was  calculated.  The 
energy  dissipated  was  related  to  the  sector  area  (see  urevious 
section).  Table  IV -7  gives  the  pertinent  data  for  the  resistance 
technique  for  the  identical  specimen  quoted  in  Table  IV -7, 


TABIE  IV -7 

Incremental  Work  of  Fracture 
(Electrical  Resistance  Method) 


Region 

Ro/R 

A  crack 

Energy  in-lb 

In-lb 

in^ 

14  2 

.995 

.00009 

.479 

5322 

3 

.990 

.00009 

.3911 

kyti 

4 

.963 

,00021 

.447 

2128 

5 

.877 

,000961 

.740 

377 

Remainder 

0 

.015685 

1.10 

70 

IV  .B,  Fractographic  Analysis 

This  section  of  the  Experimental  Results  is  a  summary  of  the 
■icroscopic  analysis  of  fracture  using  scanning  and  optical  micros¬ 
copy  (see  section  II -3) •  Fractography  was  used  to  investigate  fila¬ 
ment-matrix  interaction,  crack  filament  interaction,  interfacial  and 
fUament  changes  due  to  coating,  etc. 
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Tensile  Fracture  Surfaces 

A  typical  fractograph  of  a  composite  material  appears  in 
Figure  IV -12,  The  surface  can  be  divided  into  three  main  areas, 
the  fracture  Initiation  point,  the  slow  growth  (v  <  0,38  c,  where 
c  is  the  velocity  of  propagation  of  an  elastic  disturbance)  region, 
and  the  fast  growth  (v  0,33  c)  region.  The  fractxire  initiation 
point  (an  interface  defect)  appears  in  Figure  IV -12  as  the  dark 
circled  area  in  the  left  center  of  the  fractograph.  The  row  of 
darkened  spots  represent  the  row  of  filaments j  they  appear  daric 
because  thoir  fracture  surfaces  are  out  of  the  plane  of  focus.  The 
slow  growth  region  is  characterized  by  a  bright  nearly  specularly 
reflective  surface  (sometimes  called  the  mirror  region).  In  Fig\ure 
IV -12,  the  slow  grovrth  region  extends  for  about  seven  filaments 
either  side  of  the  initiation  point.  The  remainder  of  the  fracto- 
grajA  is  the  fast  growth  region.  It  is  characterized  by  a  roughened 
surface  duo  to  crack  branching  and/or  parabolic  formation.  If  the 
reader  is  unfamiliar  with  fracture  surface  characteristics  in  poly¬ 
meric  materials,  two  review  papers,  one  by  Berry  (1964)  and  the  other 
by  Wolock  and  Kewnan  (1964),  would  provide  excellent  background 
information  in  this  area. 

The  three  regions  discussed  above  always  appeared  on  the  frac¬ 
ture  surface  in  this  research,  but  the  size  and  number  of  each  was 
found  to  vary.  Some  of  the  more  ductile  specimens  had  multiple 
initiation  sites.  Qualitatively,  the  larger  the  slow  crack  growth 
region,  the  higher  the  strength  of  the  material. 
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IV.B.l.a.  Fracture  Initiation 

The  initiation  of  a  fracture  in  a  conposite  material  Is  most 
often  associated  i^th  filament  fractures  (see  section  I-C),  The 
three  fractographs,  IV -13,  14,  I5,  demonstrate  the  most  common 
form  of  fracture  initiation,  viz:  a  filament  failure  generatir^g 
a  matrix  crack,  i.c,  mode  III  type  of  behavior  (section  I-C), 
Initiations  of  this  type  possess  three  common  characteristics, 

(i)  a  planar  typo  of  filament  fracture  where,  (ii)  that  plane  of 
filament  fracture  is  coincidental  with  the  main  crack  plane,  and 
(ili)  no  perceivable  Intorfacial  separation  between  the  matrix  and 
the  filament.  The  nature  of  the  filament  failure  can  be  classified 
as  either  a  tungsten-boride  core  defect,  or  as  a  surface  defect 
resulting  from  the  vapor  deposition  process.  Figure  IV-13  Is  an 
example  of  a  core  defect  causing  the  filament  to  fracture,  as  shOT/n 
by  the  fragmented  core  in  tho  center  of  the  filament.  The  matrix 
fracture  initiated  from  the  ten  o’clock  nortion  of  the  fracture 
filament  and  sx^ept  aroxind  the  filajnent.  Notice  the  small  size  of 
the  slow  growth  region  in  this  specimen  relative  to  that  of  Figure 
IV-12.  Figure  demonstrates  how  a  surface  defect  in  tho  filament 

can  result  in  fracture  initiation.  The  matrix  fracture  was  generated 
all  about  the  filament  as  illustrated  hy  the  transfer  of  the  fracture 
surface  markings  of  the  filament  onto  the  matrix  fracture.  Defects 
of  this  type  result  from  Impurities  in  the  boron-trichloride  gas 
during  the  deposition  process. 

The  third  fraetograph  (Figure  IV -15)  shows  a  defect  near  the  core 
of  the  filament  formed  early  in  the  deposition  nrocess.  The  filament 
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Figuro  IV-I5.  SK-I  fracto^ranh  (lOOOx)  of  a  fracture  Initlatinr^ 
rilament  with  both  an  internal  defect  and  an  interface  defect. 
The  Internal  defect  is  indicated  by  an  arrow  ar-d  the  inter¬ 
face  defect  is  circled. 
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fracture  Initiatod  just  beyond  the  lipht  colored  core  near  the  five 
o'clock  positioni  (this  can  be  determined  by  following  the  fracture 
Barkings  back  to  their  origin).  One  peculiar  aspect  of  this  failure 
was  the  origin  of  the  matrix  crack.  It  appears  to  have  originated 
at  a  defect  point  in  the  interface,  possibly  due  to  an  imourity 
introduced  before  the  casting  process.  However,  the  filament  failed 
before  the  matrix  crack  began. 

Although  the  vast  majority  of  the  composite  fractiires  originated 
with  filament  failure,  some  did  not.  The  most  common  of  the  latter 
group  began  frem  defects  in  the  interface.  In  contrast  to  the  fila¬ 
ment  initiated  failures,  the  interfacial  type  of  failure  was  charac¬ 
terized  by  an  out  of  the  crack  plane  filament  failure  (or  pull-out), 
indicating  that  it  was  not  the  source  of  the  fracture. 

Even  though  each  filament  was  cleaned  by  blasting  it  with  dry 
adr,  some  dust  particles  would  adhere  and  produce  gross  discontinu¬ 
ities  in  the  interface  after  the  epoxy  was  cast.  An  interfacial 
failure  specimen  appears  in  Figure  IV-loj  note  the  appearance  of  the 
shear  type  of  filament  failure.  The  defect  can  be  seen  at  the  top 
of  the  radial  fracture  marking  emanating  from  the  lower  portion  of 
the  filament.  Figure  IV -1?  illustrates  another  specimen  that  failed 
from  an  interfacial  defect.  The  filament  occunies  the  upuer  left 
third  of  the  ^lotograi*.  The  defect  can  be  clearly  seen,  but  its 
composition  seems  to  be  similar  to  that  of  the  matrix  material.  The 
defect  could  be  a  bit  of  curing  agent  which  'crystallized*  and 
adhered  to  the  filament  rather  than  chemically  reacting  with  the 
epooty  resin.  This  figure  clearly  illustrates  the  matrix-filament 
separation. 


Figure  IV -l6,  SEM  fractograph  (300x)  of  a  Figure  IV-I7,  SEH  fractograph  (1300x)  of 

fracture  initiating  interfaeial  defect,  another  interfacial  defect  initiating 

indicated  by  an  arrow.  It  should  be  fracture.  The  filament  appears  in  the 

noted  that  the  filament  fracture  and  uocer  left  third  of  the  picture, 

the  composite  fracture  are  non-coplanar. 
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Thero  was  only  one  exception  to  the  above  mentioned  fracture 
initiations,  i.o,  filament  and  interfacial  fracture,  that  exception 
occurring  in  a  specimen  containing  fully  coated  SVG  filaments.  The 
final  composite  fracture  was  caused  by  a  defect  in  the  matrix  mater¬ 
ial,  Figure  IV -18  is  a  low  magnification  fractograph  of  this  sample. 
The  fracture  originated  from  the  inclusion  near  the  bottom  center 
of  the  specimen.  The  long  pullout  of  the  filaments  should  be  noted 
and  also  the  remarkable  similarity;’  of  this  fracture  surface  to  that 
of  a  plain  epoxy  specimen  (Figure  IV -2).  The  presence  of  the  weakly 
bonded  filaments  has  little  effect  on  the  fracture  sequence.  All 
this,  along  with  this  specimen's  strain  to  failure  (three  times  that 
of  the  filament),  indicates  that  S'/G  reduces  the  interfaeial  strength 
to  a  very  low  quantity, 

IV.B.l.b.  Fracture  Sequence 

The  intermittent  bond  concept  is  predicated  on  the  assumption 
that  a  crack  propagates  from  filament  to  filament  via  the  matrix,  or 
simply  the  filaments  do  not  fracture  before  the  main  crack  front 
reaches  then.  One  feature  that  appears  in  the  slovj  growth  region  of 
the  crack  propagation  is  the  presence  of  striations  on  the  fracture 
surface  resulting  from  filament  fractures.  The  striations  are  pro¬ 
duced  by  the  interaction  of  the  filament  fracture  strain  pxilse  with 
the  main  crack.  Explanations  of  the  striation  will  help  subs'tantiate 
■the  fracture  sequence  hypothesis.  In  Figure  TV -19,  one  of  the  stria¬ 
tions  appears  as  a  light  colored  hand  runnirig  from  the  left-hand 
corner  to  the  left  edge  of  the  right  filament.  Only  one  striation 
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enanatos  from  th®  filament  due  to  the  lack  of  sjTinetry  of  the  crack 
fJront.  FigiU'e  IV -20  is  a  detailed  photc=;raph  of  a  typical  situa¬ 
tion,  demonstrating  that  striatlon  is  actually  an  interruntion  in 
the  river  markings,  Oualitativol;/,  the  smoother  the  fracture 
surface,  the  slcr.’cr  the  propagation  velocity  of  the  crack.  Like¬ 
wise,  the  river  markings  disappear  because  the  main  crack  is  re¬ 
tarded  when  the  stress  field  encounters  the  rigid  unbroken  filament. 
When  the  filament  fractures,  the  crack  accelerates  for  two  reasons, 
raraely  the  introduction  of  the  filament  fractvire  energy  pulse  and 
the  encounter  of  the  stress  field  idth  the  lover  strength  of  the 
natrix,  Figtire  r/-21  features  a  fracture  surface  shewing  both  a 
slow  growth  region  ^/Ith  striations  and  a  fast  growth  region  without 
strlatlons.  The  crack  is  moving  free  right  to  left.  At  the  center 
of  the  picture,  the  fracture  topegranhy  changes  abniptlj^  due  to  the 
transition  from  stable  to  unstable  crack  propacation.  This  transi¬ 
tion  results  frori  the  incapacity  of  the  remaining  (uncracked)  material 
to  support  the  stress  imposed  on  it.  The  shape  of  the  ridge  deline¬ 
ates  the  main  crack  shape  at  the  time  of  instability.  It  is  not 
determinate  which  striatlon  is  associated  with  each  filament  fracture 
in  the  slow  growth  region.  Figure  IV -22  features  the  left  hand  fila- 
aent  in  Figure  IV -21,  detailing  the  fast  groi>rth  crack  sequence.  It 
is  evident  from  the  fracture  markings  that  the  crack  moved  from  right 
to  left  and  ran  directly  from  the  natrix  Into  the  filament.  The 
flracturo  sequence  in  the  unstable  region  is  filament-matrix-filament 
as  originally  prcuosed.  Figure  IV -23  confirms  the  fracture  sequence 
in  the  stable  region  as  identical  to  that  in  the  unstable  region. 
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Tho  crack  enters  from  the  right  aide  of  the  fractograch  and  slat/s 
down  as  its  stress  field  encounters  the  rigid  filament,  producing 
striatlons.  The  right  filament  fractures  causing  both  an  acceler¬ 
ation  of  the  main  crack  and  a  secondary  fracture  front  to  form 
away  from  the  main  crack  front.  The  secondary  fracture  is  initi¬ 
ated  before  the  main  crack  front  reaches  it,  because  the  strain 
pulse  propogates  through  the  filament  approximately  ten  timos 
faster  than  through  tho  matrix,  (The  propagation  velocity  of  an 

_  '/j, 

elastic  disturbance  c  in  an  isotropic  solid  is  equal  to 
where  S  is  the  absolute  modulus  and  ^  is  tho  density  and  so 
3C  10^  m/s  and  Cj^^  =  1.5  *  10^  m/s),  Tho  secondary 
fracture  sweeps  out  from  the  filament  and  intersects  the  main  frac¬ 
ture  front,  generating  a  ridge  at  this  intersection.  This  conclu¬ 
sively  identifies  the  striatlon  ^dth  tho  filament  which  is  in 
closest  proximity  to  it.  The  normal  fractture  sequence  in  both  the 
stable  and  unstable  propagation  is  for  matrix  cracks  to  cause  fila¬ 
ments  to  fracture  when  encountered.  This  Is  the  fracture  sequence 
necessaiy  for  the  intermittent  bond  concept  to  function. 

As  stated  before  In  section  Ti-B-l,  there  can  be  more  than  one 
main  fracture  initiation  point.  Figure  IV -24  illustrates  the  com¬ 
plexity  of  the  interaction  of  the  main  crack  fronts,  one  moving  from 
the  left  and  one  from  the  right.  Striations  are  associated  with 
both  cracks,  «nd  the  right  hand  crack  goes  unstable  first  as  evidenced 
by  the  last  striation  being  complete.  The  left  hand  crack  instanta¬ 
neously  changes  direction  perpendicular  to  main  crack  plane.  Finally, 
the  right  hand  crack  is  slowed  by  the  presence  of  the  then  unbroken 
filament  (third  from  tho  right). 
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Flgura  IV-25  is  a  sectional  vlev/  taken  through  the  row  of 
filaments  to  shcrj  the  relati^ra  position  of  the  fracture  surfacas 
and  to  aid  the  interpretation  of  Fig.  IY-24^.  Tho  numbers  in 
Fig,  IV-25  give  an  idea  of  tho  fracture  sequence,  o,£,  1  being 
first,  etc. 

IV.B.l.c,  Filament  Fracture  '  . 

The  most  orevalent  node  of  filament  fracture  is  the  double 
cone  type  whose  schematic  aonears  in  Figure  r/-26.  The  double 
cone  fracture  initiates  from  the  core  region  which  has  a  lower 
strain  to  failure  than  tho  outer  boron  sheath.  The  double  cor-a 
fracture  is  generally  associated  with  filaments  having  r.aan  strength, 
as  opposed  to  tho  planar  type  of  failure  associated  with  low 
strei^th  filament  fractures  discussed  in  section  IV.B.l.b,  The 
conical  fracture  is,  therefore,  more  energetic  than  the  planar 
fracture,  but  some  of  tho  energy  is  dissipated  in  shattering  the 
central  portion  between  the  conical  surfaces,  and  is  less  likely 
to  initiate  a  matrix  fracture.  Figure  IV -27  shows  one-half  of 
this  particular  type  of  filament  fracture. 

Another  filament  failure  mode  associated  with  the  small  (100 
yUrBi)  diameter  boron  filaments  is  the  longitudinal  solltting  mode. 
The  splitting  is  caused  by  the  residual  tensile  stress  induced  in 
the  outer  boron  sheath  the  tungsten-boride  core  during  fabri¬ 
cation  (see  section  I.A).  This  longitvtdinal  splitting  can  be  seen 
In  Figure  IV -28.  The  filament  has  simultaneously  fractured  in  a 
conical  manner  and  split  longittidinally.  The  splitting  mode  of 
failure  in  the  100  /4tn  filaments  has  been  shown  by  other  workers 


Figtire  IV -26.  Schematic  representation  of  the  tyoic^tl  double 
conical  fracture  of  boron  filaments. 


Figure  IV -27.  S£M  fractoeranh  (500y:)  of  a  typical  conical  boron 
filament.  The  separation  of  the  matrix  from  the 
filament  should  be  noted. 


Figure  IV-28.  SE-!  fractof^raDh  (700x)  of  lonf^itudi rally 
split  boron  filarjcnt.  The  split  tunf;sten 
core  is  clearly  revealed. 


to  be  the  cause  of  low  transverse  tensile  strengths  in  both  poly¬ 
meric  and  notallic  matrix  composites.  This  splitting  lias  been 
avoided  in  the  larger  140  yttm  diameter  filaments  presumably  by 
St.  Venant’s  principle. 

IV.B.l.d.  Ij lerface  Study 

The  interface  performs  a  critical  role  in  the  intermittent 
bond  theory  so  it  was  crucial  to  observe  the  changes  in  the  inter¬ 
facial  topography  as  a  function  of  the  treatment.  In  section  I-A 
the  interfacial  bond  in  a  conventional  boron-eroxy  composite  is 
described  as  predominately  mechanical  in  nature  resulting  from 
the  interference  and  interlocking  betvzeen  the  matrix  and  the  fila¬ 
ment.  As  a  result  of  this,  any  changes  in  the  interfacial  strength 
should  be  accompanied  by  a  change  in  the  topography  of  the  inter¬ 
face.  Figures  IV -29  of  the  epcncy  side  and  IV -30  of  the  boron  side 
of  the  interface  demonstrate  the  close  aoproach  or  wotting  of  the 
boron  surface  by  the  epofxy,  resulting  in  an  accurate  replica  of 
the  “corn-cob"  filament  surface  after  the  cure  cycle.  The  epoxy 
surface  of  rv-29  dees  not  correspond  to  the  boron  surface  in  IV -30 
as  it  appears,  because  the  nodular  surface  of  a  boron  filament  is 
voiy  uniform.  Figure  r.'-31  is  a  rderograph  of  a  composite  fracture 
surface  showing  a  hole  left  after  a  filament  has  pulled  out  during 
the  fracture  process.  The  surface  of  the  hole  (which  was  the  inter¬ 
face)  is  very  similar  to  that  in  Figure  IV-29:  the  depth  of  the 
cavity  is  approximately  0.25  The  surface  has  experienced  very 

little  damage  from  the  filament  movement,  indicating  that  the  matrix 
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Figure  IV-31,  SEl  fractograph  {500x)  showins;  the  uncoated 
boron-opoviy  interface.  The  filanent  has 
pulled-out  revealing  the  epoxy  replication 
of  the  boron  surface. 
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hJis  relaxed  away  from  the  filament  at  fracture  providing  clearance 
for  the  filament  during  pullout. 

As  explained  in  section  IV .A. 4,  the  organic  wetting  agont 
WD-AO  was  found  to  be  an  effective  bond  strength  reducer  and  was 
used  in  this  study;  Figure  IV-32  depicts  the  interfacial  appear¬ 
ance  of  a  WD-JfO  coated  composite.  The  surface  is  characterized 
by  a  ubiquity  of  small  cavities  (apDrcp:inately  1.0  /im  in  diameter) 
at  the  interface. 

The  filament  has  fractured  in  the  typical  double  cone  manner 
(iV.B.l.d)  with  some  of  the  shattered  central  portion  remaining 
on  the  conical  fracture  surface,  A  more  detailed  view  of  the 
interface  (Figure  IV-33)  shows  the  cavities  which  are  caused  by 
vaporization  of  the  WD-40  during  cure,  but  also  reveals  a  suppres¬ 
sion  of  the  replication  of  the  modular  boron  stirface,  indicating 
that  the  close  approach  of  the  epa<y  has  been  reduced  ly  the  wettir^j 
agent. 

Coating  the  filaments  with  SVG  lowered  the  interfacial  strength 
«ost  significantly  and  drastically  altered  the  interfacial  appear¬ 
ance,  The  following  micrographs  compare  the  coated  and  uncoated 
interfaces  of  an  intermittently  coated  tensile  specimen.  Figure  T/- 
34  reveals  the  near  total  suppression  of  the  replication  of  the 
boron  surface  implying  that  wetting  has  been  minlmizod.  The  cavities 
(approximately  10  m  In  diameter)  are  a  direct  result  of  the  dual 
/^plication  of  S'VG  in  layer  and  globular  form. 

The  uncoated  interface  (Figure  IV -35)  is  very  similar  to  Figure 
lV-31  except  for  the  presence  of  the  rows  of  cavities  running  along 
the  axis  of  the  filament.  The  cavities  are  micron  to  sub-micron  in 
size  and  seen  to  be  an  artifact  of  the  coating  process.  The  effects 
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of  tho  ccivlMot3  are  not  considurcd  significant  bccatise  of  their 
sparsity,  uido  distribution  «r.d  snail  size# 

IV*B.l,e.  Filament  Coating 

It  was  necessary  to  record  the  change  in  the  surface  appear¬ 
ance  of  a  coated  filament  both  before  and  after  encapsulation  in 
the  epoxy  to  determine  the  effect,  if  any,  the  curing  process  has 
on  the  stability  of  the  coating.  The  first  mlcrograrh  (Figure 
17-36)  5hcr;s  a  coated  filament  which  has  been  mounted  in  the  SE*i 
for  observation.  The  particular  area  shovm  is  the  juncture  of 
the  coated  and  unccated  regions.  The  imprint  of  the  coating  rollers 
can  be  seen  in  the  coating  layer  as  indicated  by  dashed  lines.  The 
coating  appears  smooth  with  seme  evidence  of  globulatlon.  It  ^ras 
only  possible  to  remove  the  filaments  from  the  cured  epoxy  ty 
pyrolysis  which  woxild  have  certainly  destroyed  the  S'/G,  therefore, 
the  coating  could  only  be  investigated  after  fracturing  the  specimen. 
As  shown  in  Fi.gure  r/-37»  very  little  damage  is  done  to  the  coating 
except  for  seme  streaking  incTirred  during  extraction.  The  globules 
of  SVG  are  not  apparent  but  the  cavities  indicate  that  they  were 
present  dxiring  the  cure  cycle.  The  S’/G  apoeared  to  withstand  the 
cure  cycle  without  significant  change, 

XV,B«2,  Fracture  Toughness 
IV.B.2*a.  General  Appearance 

The  bend-type  fracture  toughness  specimens  are  high  volume  frac¬ 
tion  c«aposites  (v£>  >  hof-)  and  tholr  corresponding  fracture  surfaces 
are  complex  and  enigmatic.  The  complexity  of  the  fracture  process  is 
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iUustratod  in  Figure  IV-3Ra,  b  in  the  form  of  a  typical  fracture 
aurface.  Both  halves  of  the  surface  are  included  to  sliow  the 
pulled  out  filanont  and  the  holes  left  on  the  apposite  surface. 
The  abrasion  marks  on  the  side  of  the  triangular  section  result 
from  cutting  with  a  diamond  saw.  The  number  of  damaged  filaments 
can  readily  be  seen,  also.  This  particular  test  was  terminated 
before  the  crack  propagated  through  the  complete  test  section. 
This  explains  the  change  in  the  fracture  appearance  in  the  left 
portion  of  Figure  IV-3Ba, 

IV.B,2*b.  Filament  Distribution 

The  filaments,  although  initially  placed  randomly,  are  well 
distributed  in  the  composite  bar  as  shovna  in  Figure  IV -39.  The 
filaments  are  touching  in  various  places  and  this  can  have  detri¬ 
mental  effects  on  the  filament  behavior  as  illustrated  in  the  next 
micrograph  (Figure  IV -40),  The  central  filament  has  split  as  a 
result  of  contacting  the  adjacent  filaments  and  causing  a  severe 
stress  concentration  in  the  transverse  direction.  Commercially 
made  prepreg  tape  is  carefully  collimated  to  reduce  the  chance  of 


filament  to  filament  contact. 
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CHAPTER  V 


Analysis  of  Experimental  Results 
V.A,  Matrix  Analysis 
V.A.l.  Tensile  Analysis 

The  epoxy  matrix  material  prepared  for  this  thesis  had 
somewhat  different  properties  than  the  mnufacturor  would  suggest 
(see  Table  I-IIl),  The  listing  below  summarizes  the  pertinent 
experimental  properties  and  the  supplier's  specifications. 


TABIil  V-I 

Property 

Experimental 

Supplier 

^  Difference 

Tensile  Strength 
(KlVm2) 

66.5 

(9.6  ksi) 

86.7 

(12.6  ksi) 

-23 

Tensile  Strain 

(5^) 

2.8 

4.8 

-46 

Elastic  Modulus 
(GlJ/m2) 

3.21^ 

(4.65  X  105  psi) 

2.43 

(3.60  X  105 

psi)  +29 

Some  of  the  difference  between  the  tensile  strengths  arid  strains  can 
be  explained  by  the  presence  of  Griffith-type  flaws  (see  section  IV, 
A.l.a).  Heimbuch  (1970)  demonstrates  the  effect  of  machining  the 
cast  surfaces  of  epoxy  tensile  specimens.  He  obtained  a  mean  strength 
for  as-cast  specimens  of  63.5  (9*2  ksi),  and  after  machining 

a  strength  cf  73.9  V.Vfv?-  (10.7  ksi)  ’^rith  a  redi'.ction  of  scatter.  This 
increase  in  strength  and  ductility  is  attributable  to  tlie  removal  of 


-11.5- 


.U6- 


Griffith-t:/p«J  flaws  both  of  tho  inpurity  tyre  and  the  cracks  forncd 
during  tho  donolding  urocc.durc.  The  foreign  natter  tends  to  collect 
at  the  mold  interface.  Tho  results  from  Shell  are  not  specific  with 
respect  to  data  scatter  or  type  of  test  or  even  if  the  strength  value 
listed  is  an  average  of  a  number  of  tests,  Tho  disparity  botween 
the  moduli  cannot  be  as  easily  rationalized  as  it  is  not  sensitive 
to  flaws  as  is  the  strength.  Tho  higher  modulus  of  tho  epo^:y  tested 
in  this  research  indicates  a  higher  degree  of  cross-linking  than  tho 
epoxy  listed  by  Shell,  Because  tho  noniml  cua'e  agent  cercont rations 
are  similar,  the  increase  in  cross-liriking  can  only  be  a  result  of 
the  more  severe  cure  cycle  (time  and  temceraturc)  used  in  this  re¬ 
search.  The  increase  in  modulus  would  account  for  the  remaindor  of 
the  decrease  in  failure  strain.  The  differences  were  not  significant 
to  this  thesis  because  only  one  cure  composition  ard  cycle  was  used 
throughout,  and  the  properties  were  consistent. 

V.A.2.  Griffith  Analysis 

The  values  of  the  work  of  fracture,  i  for  various  epoicias  » 
calculated  from  the  aporoximato  Griffith  analysis  were  representative 
of  the  values  found  in  the  literature  for  the  croxy  polymers.  Al¬ 
though  the  literature  aboiuids  vxith  data  of  imoact  strengths,  there 
are  few  work-of -fracture  data.  Table  V  stinmarizes  the  available 
work-of -fracture  values  for  different  epoxies. 

Recognizing  the  approximate  natvire  of  the  Griffith  analysis, 
the  results  are  surprising.  In  spite  of  the  finite  size  specimen 
and  the  nonspecific  nature  of  flaw  characterization,  the  work-of- 
fracture  value  derived  fren  the  Griffith  analysis  compares  favorably 
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TABLE  V-2 

Representative  V/ork  cf  Fracture  Values 


Katerial 

Listed  Values 

Test 

Reference 

EPOU  828 
(Shell  Chemical) 

1.7  KJ/m^ 

(9.6  in-lb/in^) 

Griffith 

Present 

EPOH  828 

2.6  (15.0) 

3  Point  Bend 

Present 

EFON  828 

2.7  (15.5) 

Unknotm 

HcGarry  (1969) 

mh 

(Union  Carbide) 

3.0  (17.0) 

3  Point  Bend 

Beaumont  (1971) 

DEtC  332 
(Dot/  Chemical) 

1.1  (6.1) 

iiotched  Tensile 

Corton  (1969) 

with  those  derived  from  other  methods. 

The  use  of  an  integrated  average  elastic  modulus  in  the  Griffith 
analysis  (see  section  r/,A,l,b,)  which  has  never  been  advanced  in  the 
literature  is  important  when  applying  any  fracture  mecloanlcs  rela¬ 
tions  to  non-linear  elastic  materials.  For  example,  in  the  epoxy 
analysis  the  work-of -fracture  value  obtained  usir^g  an  integrated 
average  modulus  was  25^  greater  than  the  value  obtained  using  the 
initial  modulus, 

Y,B,  Conposite  Tensile  Properties 

V,B,1,  Pncoated  Honolayer  Composite  Results 

The  uncoated  monolayer  test  results  justify  the  premise  that 
boron  in  the  as-received  condition  bonds  well  enoi^jh  to  epoxy  to  pro¬ 
duce  mode  I  (see  -section  :I-C)  fracture  behavior.  This  judgment  is 
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b&sed  on  a  nunbor  of  exoerlnental  observations.  The  averap;©  fila¬ 
ment  stress  corrosoonding  to  the  averar^e  fracture  strain  (0,5B2>;) 
is  2.2  GK/m^  (323  ksi),  substantially  less  than  the  average  ten¬ 
sile  strength  of  the  filament.  All  fracture  surfaces  Indicate 
only  a  single  primary  initiation  site,  namely  a  fractured  filament, 

Ko  pre-fracture  filament  failures  are  associated  with  the  uncoated 
composite,  no  audible  emissions  were  heard  before  composite  failure. 
All  of  these  observations  imply  that  the  first  filament  failure 
causes  a  catastrophic  matrix  crack  to  form  resulting  in  the  low 
fracture  strain. 

The  monolayer  results  are  well  corroborated  by  the  data  fren 
Helrabuch  (1970):  present  tensile  strength  65,6  (9.5  ksi), 

Heimbuch  for  the  same  specir:en  63.5  (9.2  ksi). 

These  strengths  are  well  below  the  rule  of  mixtures  (RC!I)  pre¬ 
diction  for  2^  volume  fraction  f:  la. 'rent  boron  epoxy,  which  is  122 
MN/n^  (17«7  ksi).  The  P.CK  analysis  is  only  accurate  in  higher  volume 
fracture  cemposites,  and  then  predicts  upper  bouTxd  behavior.  The 
ROH  does  correctly  predict  that  frartiire  would  be  filament  controlled. 
The  monolayer  specimen  does  reoresont  the  behavior  of  the  boron 
epoxy  system  in  t'^rms  of  fracture  strain. 

V.B.2.  Coated  Tensile  Results 

The  four  coating  techniques  used  for  this  research  produced 
a  spectrum  of  Interface  strengths  and  tensile  properties.  For  ex¬ 
ample,  the  teflon  treatment  did  not  reduce  the  shear  strength  frem 
the  virgin  boron  value  but  increased  it.  The  rubbing  action  of  the 
teflon  on  the  filament  apparently  removed  surface  imourities  such  as 
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the  absorbod  \nter  layer  or  even  oxides  vhlch  form  on  the  boron  sur¬ 
faces*  SEl'I  micrographs  shcajed  no  change  in  the  fil^^nent  sxxrface 
appearance,  also  indicating  that  a  layer  of  teflon  was  not  being 
deposited  as  originally  proposed.  The  hydrocarbon  oil  (Cutmax) 
did  reduce  the  interfacial  strength  but  not  to  the  desired  extent. 
This  partial  reduction  can  be  attributed  to  the  weak  tendency  of 
the  oil  to  wet  the  boron  surface  (i.e,  it  had  a  tendency  to’.^’ards 
large  'contact  angles').  An  initially,  uniform  layer  of  oil  would 
coalesce  into  discrete  balls  along  the  filament,  similar  to  water's 
behavior  on  a  waxed  surface.  The  vretting  agent,  VD-UO,  greatly 
reduced  the  interfacial  strength,  but  concurrently  produced  vapor 
products  at  the  interface.  The  most  undesirable  feature  of  this 
coating  material  was  its  high  wettability  and  its  resulting  robllity 
on  the  boron  surface.  The  vacuum  grease  (S‘/G)  altered  the  inter¬ 
facial  strength  and  remained  stable  on  the  filament.  The  resulting 
interfacial  strength  can  be  calculated  if  the  linear  stress  distribu¬ 
tion  is  assumed.  If  we  assirmo  that  the  longest  observed  culled  out 
fiber  ram)  approximates  one  half  the  critical  transfer  length, 

then  the  shear  strength  of  the  interface  is  be  less  than  3.1 
(0,45  ksl)  and  the  corresponding  Interfacial  tensile  strength  is 
0.39  (0,05^  ksi)  (see  Chapter  II)  which  are  well  below  the 

limits  set  forth  in  section  I-D, 

V.B,3.  Intermittently  Coated  Comnosites 

The  intormittont  bond  conceot  has  proved  to  bo  an  effective 
means  for  enhancing  the  tensile  procerties  of  a  boron-epoccy  cerreosite. 
The  average  tensile  fracture  strain  is  raised  from  0,5^2%  for  urtcoated 
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monolayer  comoosltes  to  ^,117^  for  Intemittently  coatod  monolayc^r 
composites.  This  corresponds  to  ah  increase  of  average  filament 
stress  in  the  composite  from  2.2  Gll/m^  (319  ksl)  to  3.92  Gh/m^ 

(427  ksi).  This  yiolds  a  35/-  increase  in  relnforceTnent  capability. 
The  elastic  modulus  dropped  only  3,1^:  from  11.0  GK/m^  (1,59  x  10^ 
psi)  to  10,7  GK/m^  (1.45  X  10^  psi)  as  a  result  of  the  intermittent 
coating,  Tho  composite  tensile  strength  increased  from  65.6 
(9.5  ksi)  for  the  uncoated  specimen  to  75*^  (11.0  ksi)  or  an 

increase  of  about  Ic^?,  The  increase  in  strength  is  less  than  one- 
half  the  increase  in  fracture  strain  due  to  the  low  volume  fraction 
percent  filament  in  the  monolayer  specimen.  Each  pre-fracture  fila¬ 
ment  failure  and  its  associated  drop  in  reinforcement  capacity 
represented  a  significant  portion  of  tho  sweinen’s  total  rtinforce- 
nent.  In  a  high  volume  fraction  comuosite,  each  filament  failure 
would  have  an  imi^erceptlble  effect  on  the  overall  load  carrying 
capability  of  the  composite. 

The  fracture  strain  is  insensitive  to  volume  percent  coated 
filament  in  the  range  tested  (38  to  SLjt),  The  average  fracture 
strain  for  each  volume  fraction  coated  filament  test  series  proved 
to  be  within  3*6^  of  the  average  of  all  the  intermittently  coated 
specimens.  The  variation  of  average  fracture  strain  from  group  to 
group  (see  Table  IV -4)  proved  to  be  randomly  distributed  about  the 
mean  overall  fracture  strain,  indicating  there  is  no  preferred  volume 
fraction  of  coated  filament. 

One  tost  series  was  conducted  to  stud;/  the  effect  of  decreasing 
the  uneoated  length.  From  the  limited  test  data  taken,  it  became 
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evident  that  critical  transfer  lenj^th-ovor-diarneter  ratio  is  loss 
than  fifty,  Tho  thearutloal  critical  transfer  length  ratio  for  this 
system  was  thirty, 

Fractographic  and  experimontal  observations  support  tho  validity 
of  the  intern! ttent  bond  concept.  The  fractures  are  generally  multi- 
initiated,  iridicating  that  the  average  filament  stross  is  near  tho 
average  filament  tensile  strength.  The  few  specimens  wMch  are 
singly  initiated  have  a  slow  growth  region  encompassing  over  one- 
half  the  specLmon  area.  The  filaments  fracture  well  off  the  crack 
plane  In  interjrlttent  coated  composites  resultirig  in  lew  filament 
pullout.  In  all  intermittently  coated  specimens,  multlole  pre-frac¬ 
ture  filament  failures  were  encountered.  These  pre-fracture  failxires 
were  generally  concentrated  in  one  area  of  the  test  section  rather 
than  raridomly  distributed  throughout  the  gage  section.  This  localiza¬ 
tion  of  filament  fracture  results  frem  a  short  rango  stress  increase 
due  to  adjacent  filament  failures,  an  interaction  typical  of  composite 
materials, 

V.C,  Interlaminar  Shear  Strength 

The  interlaminar  shear  strength  (ILS)  of  a  composite  material  is 
a  direct  function  of  the  interfaclal  shear  strength  and  II^  tests  are 
then  a  measure  of  the  interfacial  shear  strength.  The  short  span 
three-point  bend  test  (described  In  section  III.B.3.)  is  the  oldest 
and  nost  disputed  of  the  US  tests  but  also  the  simplest  to  conduct, 
Tho  main  objection  to  the  test  Is  the  uncertainty  of  the  failure  mode. 
The  bend  test  is  excellent  for  comparing  surface  coating  effects. 
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As  a  rule  of  thtnb,  the  percent  pl'-nnr  fractnro  area  associated  with 
the  fUamonts  is  the  square  root  of  the  volume  fraction  oi  the  fila¬ 
ments.  For  exanplo,  Rivon  a  0,^3  v^  composite  failing  in  an  inter¬ 
laminar  shear  mode,  0,66  of  the  fracture  area  would  bo  exposed 
filament  as  a  result  of  interfacial  failure. 

The  as-received  boron-epoxy  ILS  values  conoare  very  favorably 
with  the  interfacial  shear  strength  values  obtained  from  other 
tests  (see  Chapter  II).  Qualitatively,  the  ILS  test  demonstrated 
the  effects  of  coatings  and  treatments.  For  example,  boiling  the 
boron  filaments  in  methanol  reduced  the  interfacial  shear  strength 
as  Broutman  (196’9)  had  determined  in  another  tyve  of  test.  The  ILS 
tests  also  showed  that  acetone  reduces  the  effectiveness  of  the  SVG 
coating.  The  ILS  values  are  included  in  Table  Tv -5. 

The  TLS  of  an  intei-mittent  coated  composite  was  thought  to  be 
approximated  by  a  F.C:-:  analysis  using  areal  percent  ratVer  than  vc!'ume 
percents.  The  shear  strength  equation  >ra,s! 


T  =  At  +A-T  +A^  t 
c  mm  f  c  f  uc 
c  uc 


(V-1) 


where  A  ,  A-  ,  A  are  the  areal  oercent  of  matrix  coated  and  un- 
m  r  1 


c  uc 

coated  filaments  and  the  T's  are  the  corresponding  shear  strength. 

The  matrix  shear  strength  was  apvrojrimnted  by  one-half  the  tensile 
strength  or  51  *5  KK/n^  (7.5  ksi).  The  agreement  with  the  measured 
values  is  poor,  and  equation  V-1  was  not  used,  but  with  minor  sophis¬ 
tications  it  might  be  useful. 
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V.D.  Conoosite  Fr'icture  Tou^^hn^ss  Data  Analysis 

V ,D ,  1 ,  Fracture  Toir^hnnss  Data  ( Ger.oral) 

The  intemittent  bend  concept  originally  assuned  a  direct 
correLation  between  fracture  strain  (and  stress)  and  fracture 
toughness.  The  exrerinental  data  listed  in  section  IV, A, 6, a,  shews 
this  ftssunption  to  be  untrue.  This  discrcuancy  is  a  result  of  over¬ 
simplifying  the  naraneters  affecting  the  work  of  fracture  (V/Or), 

The  three  composite  fracture  totighness  theories  found  in  the  litera¬ 
ture  indicate  that  only  the  interfacial  shear  strength  affects  the 
work  of  fracture  (see  section  I,D,2.),  tut  it  would  seem  that  the 
energy  to  fracture  the  interface  must  also  be  taken  into  account, 

A  new  ccanuosite  fracture  toughness  theory  will  be  nresented  in  section 
V,E,  to  account  for  both  the  shear  strength  t  and  the  interfacial 
energy 

The  notched  tbree-ooint  bend  test  series  was  designed  to  evalu¬ 
ate  a  coating  and/or  a  treatment  effect  on  a  conposito's  work  of 
fracture.  The  as-received  boron  test  established  a  base-line  per¬ 
formance  .  Methanol  boiling  resulted  in  both  a  reduction  of  the  inter¬ 
face  strength  and  the  work  of  fracture,  indicating  that  the  inter¬ 
facial  energy  was  reduced.  Fully  coated  (SVG)  cttnoosites  were  fabri¬ 
cated  using  an  epexy  diluted  with  acetone  to  facilitate  infiltration 
of  the  filament  bundle.  The  snecinen  bar  vra.s  cut  into  individual 
specimens  which  prevented  ILS  tests  from  being  condvetod,  but  the 
work  of  fracture  values  show  that  the  coating  reduced  the  interfacial 
energy.  The  untreated  filr.ient  comnorites  (An)  showed  the  highest 
average  work  of  fractUire  val'ues  of  all  uniformly  treated  comnosites. 
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Somo  intcrnittently  coated  sanples  were  produced  to  Investlnato 
the  WOF  as  a  function  of  percent  coated  filament  (v^g).  The  first 
group  tested  wero  50?b  coated  as  it  was  felt  that  this  would  reveal 
the  intermittent  bond  effect  most  conspicuously.  The  epoxy  was 
diluted  vrith  acetone  (50-50  w/a)  to  enhance  the  infiltration  of  the 
filament  bundle  as  a  result  of  its  lor.’er  viscosity.  The  averane 
V.'OF  values  vrero  considerably  lo^^er  than  both  the  fully  coated  and 
the  as-received  specimens.  One  particular  sDeclnon  (50-50  w/a-2) 
gave  extremely  low  values  and  a  SEH  exa’nination  showed  a  "resin-rich" 
area  at  the  apex  of  the  test  section,  as  shown  in  Figure  V-1,  Both 
the  50-50  w/a  and  the  100^  coated  speclmon  showed  a  ubiq\iity  of 
bubbles  in  the  composite  resulting  from  a  vaporisation  of  the  ace¬ 
tone  duT*ing  the  cure  cycle  in  spite  of  extensive  evacuation  before 
sealing  the  mold.  Figure  V-2  Ehov;s  the  form  of  the  vapor  pockets. 

It  was  origlnalXv  felt  that  the  decrease  in  V/OF  was  a  resxxlt  of  the 
acetone  diluted  epoxy,  so  a  series  of  tests  were  conducted  vdLth  un¬ 
diluted  (50-50  w/o)  eoo:<j'.  The  average  WC?  rose,  but  not  to  the 
as-received  values.  The  coating  process  was  altered  to  permit  coat¬ 
ing  the  filament  in  one  operation  instead  of  five  (50-50  Single  Wrap) . 
This  series  gave  less  scatter  and  a  higher  VrOF  value,  but  remained 
15^  less  than  the  as -received  values, 

A  final  test  group  called  EI\DS  gave  the  highest  toughness  values. 
The  EhDS'  filaments  wero  actually  scrap  filament  from  the  tensile 
specimens  of  varying  degrees  percent  coated.  The  filaments  were 
placed  in  an  empty  bottle  for  two  and  a  half  months  before  incorpor¬ 
ating  into  cenposite  bc.rs.  The  "drying  time"  of  75  days  api^arently 
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altered  the*  boDdlnp;  characteristics  of  the  boron  epoxy  and  the  re- 
suiting  interfacial  enercy,  Tho  long  tem  effects  of  drying  on  the 
SVG  coating  x/ould  bo  an  interesting  topic  for  future  research# 

V.D#2#  Work  of  Fracture  vs  Strength  Data 

The  strength  property  (  a  )  and  the  work  of  fracture  property 
(  Y  )  of  tho  composites  tested  in  this  thesis  have  a  ceculiar  correla¬ 
tion.  All  of  tho  bend  toughness  data  wore  plotted  with  O  as  the 
ordinate  and  Y  as  the  abscissa  and  are  reproduced  as  Figure  V-3. 

All  of  the  cortposlte  specinens  have  nominally  the  same  geometry, 
number  of  filaments  of  the  same  strength  and  crack  size,  tho  only 
intentional  difference  being  in  the  filament  surface  treatment.  The 
strength  (measured  in  bonding)  initially  rises  as  a  function  of  the 
work  of  fracture  Y  arji  this  continues  until  the  strength  rc^.ches 
tho  rule-of -mixture  (RCh')  strength.  Frm  this  point,  an  Increase 
in  toughness  is  accompanied  'b:r  a  decrease  in  strength.  Intuitively, 
the  strength  is  governed  by  two  independent  criteria. 

Many  authors  such  as  Beaumont  (1971)  or  Harris  (1971)  purnort 
that  canposito  materials  follow  a  linear  elastic  fracture  mechanics 
(I£FM)  relationship  as  long  as  the  plane  of  crack  propagation  corre¬ 
sponds  to  a  plane  of  symmetry.  Dense  unidirectional  composites 
possess  orthotropic  symmetry,  i..e,  properties  are  constant  in  all 
directions  perpendicular  to  the  filament  axis.  In  the  toughness  bend 
specimens,  the  crack  propagates  perpendicularly  to  the  filament  which. 
Is  a  plane  of  symmetry.  The  toughness  specimens  should  be  amenable 


to  LEFM. 
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In  Chapter  I,  It  vac  chovm  that  for  anistrople  materials  the 
critical  stress  intensity 'factor  is  related  to  the  critical  strain 
energy  release  rate  by  -"g  Gc  inhere  E  is  the  effective  modulus 
(see  equation  I“15)*  For  a  fixed  volume  fraction  filament  In  a 
imldlrectlonr'l  composite  E  Is  a  constant,  and  Gc  is  proportional 
to  the  square  of  Kc.  In  LEFM,  Kc  is  related  to  the  strength 

by  a  specimen  factor  [a IT  c]^"'  vhero  a  is  a  specimen  geometry  factor 
(see  section  I-D)  and  c  is  the  starting  crack  length.  For  a  given 
specimen  geometry  and  crack  dimonsion  as  wo  have  in  the  bend  tough¬ 
ness  specimens,  Gc  should  be  orouortional  to  the  square  of  the 
strength. 

The  stre.cg+h  of  composite  materials  is  a  function  of  t}ie  inter- 
facial  shear  strength  as  shcr^n  h^r  Kelly  and  Tyson  (19^^)  and 
Groszczuk  (1569).  Physically,  th5.s  is  due  to  the  mode  of  reinforce- 
Kentj  and  once  the  shear  strength  falls  below  a  certain  value  for  a 
given  filament  length,  the  filaments  are  no  longer  reinforcing  to 
their  potential  degree.  The  composite  strength  is  botmded  upwards 
the  rule-of-nixtxires  and  once  the  EOI'  is  reached  an  increase  in 
shear  strength  has  no  beneficial  effect.  As  mentioned  in  Chapter  II 
and  to  be  discusseo  in  section  V-S,  the  work  of  fracture  of  a  com¬ 
posite  material  is  inversely  prooortional  to  the  interfacial  shear 
strength  (see,  for  examule,  Harris, 1971,  and  Kelly,  19^9) . 

All  of  this  information  is  incorporated  in  Figure  The 

dashed  positive  slooe  line  represents  the  LERI  relationship  of  work 
of  fracture  to  the  square  of  the  strength,  (This  is  a  monotonically 
increasing  function,)  The  abscissa  f  is  also  representational  of  W 


-129' 


and  the  composite  strength  as  a  function  of  shear  strength  is  de- 
. noted  iy  the  nenatively  sloped  dashed  line,  Tho  resultant  strength 
of  the  composite  (solid  lino)  is  controlled  by  tho  LEFii  relation¬ 
ships  bofore  it  reaches  the  ROM  level,  as  H  increasos  (ard  (T 
decreases), the  composite  strenirth  is  governed  ly  tJio  interfacial 
strength, 

Tho  reasoning  behind  Figure  V-4  is  qualitative  at  best  but  is 
supported  by  experimental  observations.  It  should  be  noted  that 
tho  strengths  are  based  upon  the  flexural  test,  which  is  a  disputed 
test  to  begin  with  (see  Rosen  and  Dow,  1972)  and  the  stress  analysis 
uses  only  apnroxi.rate  bending  theory.  The  stress  state  of  the  tri¬ 
angular  notch  bend  specimen  has  been  investigated  using  aeproximate 
cwnputer  techniques  and  the  results  show  rcasonablo  agreement  with 
tho  simple  stress  analysis  in  the  initial  stages  of  crack  propaga¬ 
tion  (Atkins  and  haghava,  1972), 

Tho  chysical  moaning  of  Figure  V-4  can  be  explained  using  the 
following  rationale.  The  rising  portion  of  the  flr-y  curve  is 
attributable  to  the  presence  of  a  fabjricatlon  flaw  such  as  the  resin 
rich  (filament  poor)  region  shovni  in  Figure  V-1  or  interfacial  defects 
due  to  coating  dissolution  by  solvents  such  as  acetone,  or  broken 
fibers.  The  negatively  sloood  portion  of  the  O'- IT  curve  is  more 
difficult  to  explain  physically.  If  the  shear  strength  is  lowered, 
the  propensity  of  pulled  out  (rather  than  fractured)  filaments  must 
increase.  This  phenomenon  should  manifest  itself  on  the  fracture 
surfaces.  All  of  tiie  specimens  which  fall  on  the  right  hand  oortion 
of  tho  plot  exhibit  extremely  long  pullout  as  shown  in  Figure  7-5, 

It  is  not  conclusive  whether  the  filaments  pulled  out  intact  or  frac¬ 


tured 
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Figure  V-5.  Optical  nicropraoh  (  9-2  x)  shovin;T  the  filament  cull- 
out  experienced  by  high  fracture  toughness  specinsns. 

^•^•3.  Incremental  irork -of -Fracture  Measurement  Tcchnioues 

Three  methods  are  proposed  in  Chacter  IV  for  the  neasureraent 
of  incremental  vork  of  fracture  ('.-.'QF),  namely  the  modified  Irvrin 
technique,  the  energy  method  and  the  electrical  resistance  method. 
Reviewing  Tables  I\^-l,  r/-2  reveals  that  both  the  Irwin  and  the  energy 
methods  give  comparsble  values  and  indicate  simile r  trends  in  the 
data.  The  electrical  resistance  method  predicts  unrealistic  high 
values  for  the  initial  WOF,  and  the  values  fall  off  exponentially 
to  an  unrealistic  low  value.  The  electrical  resistance  methc-J  for 
measuring  crack  area  is  not  amenable  to  this  type  of  specimen  be¬ 
cause  of  the  uncertainty  of  electrical  contact  between  aU  of  the 
filaments , 
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Tho  onor^^y  mothcd  Ic  chor,on  over  the  Irwin  mothod  for  two 
roasonsr  ono,  it  rcquiren  only  tho  conollanco  as  a  function  of 
crack  area  data  rather  than  tho  derivativo  of  the  conuliance- 
crack  area  data,  and  two,  tho  energy  dissipated  is  measured  direct¬ 
ly  off  the  load  deflection  olot  by  fjraphical  integration.  The 
energy  method  utilizes  tho  furdamental  concept  of  tho  WOF  -  the 
energy  dissipated  by  a  crack  propagating  over  an  area,  divided 
by  that  area. 

V.D.4.  Incrcnental  Vfork-of -Fracture  Distribution 

The  Incremental  work  of  fracture  is  not  constant  across  the 
triangular  tost  section  of  tho  bend  toughness  specinens,  Tho  work 
of  fracture  for  all  filament  conditions  rises  from  ono  initially 
lew  value  at  tho  auex  of  the  test  section  to  a  raaxlnun  at  a  uoint 
about  sixty  percent  of  the  way  into  the  test  section  and  then  de- 
ei'easas  the  rei’ninclor  of  tho  way.  This  distribution  is  controlled 
by  two  irdeperjdent  quantities;  the  first  being  tho  instantaneous 
stress  state  and  the  second  being  the  condition  of  the  filament. 

The  stress  state  for  a  cracked  body  is  almost  totally  controlled 
by  tho  section  thickness,  A  thin  cracked  section  will  experience  a 
condition  of  plane  stress  because  one  of  tho  principle  stresses 
Is  no  higher  than  ambient  pressure.  The  resulting  stress  state 
is  two  dimensional  and  the  corresponding  strain  state  is  three 
dimensional.  On  tho  other  hand,  a  thick  cracked  section  will  undergo 
«  plane  strain  state  because  of  the  almost  zero  strain  in  the  lateral 
direction  caused  by  the  constraint  exerted  by  the  uncracked  surround¬ 
ing  material.  The  strain  in  this  condition  is  two  dinensional  and  the 
stress  state  is  three  dimensional. 
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The  vork  of  fracturo  is  greatly  influonccd  by  tho  stress  state 
.a  matorial  cxnerionces,  Tho  piano  stress  work  of  fractjiro  Is  sub¬ 
stantially  greater  than  tho  piano  strain  work  of  fracturo  for  the 
saTHO  material.  Irwin  (19^0)  cites  a  times  greater  work  of  frac¬ 
ture  value  for  piano  stress  than  for  plane  strain  in  a  7075  aluminum 

alloy  and  a  seven  fold  increase  for  a  2024  T4  aluminum  alloy,  Apnly- 
ing  the  above  observation  to  the  comoosite  bend  specimen  results 
in  the  following  hypothesis.  The  crack  (or  fracture)  always  begins 
in  tho  accx  of  the  section  whero  the  stress  state  would  be  plane 
stress  because  of  the  thin  section.  The  corresponding  work  of  frac¬ 
ture  for  this  apex  would  bo  high.  As  the  crack  uonetrates  the  test 
section,  ft  encounters  progressively  thicker  section  material,  and 
hence,  the  stress  state  becomes  wore  plane  strain  than  plane  stress, 
VJith  this  change  in  stress  state  goes  a  drop  in  the  instantaneous 
vork  of  fracture.  The  rate  of  crack  propagation  will  affect  the 
local  WOT  value,  but  for  simplicity  the  effect  is  neglected. 

This  hypothesis  is  corroborated  by  the  data  for  boron-epoxy 
toughness  soecimens  found  in  Beaumont  (1S71).  The  Instantaneous 
work  of  fracture  was  deteminod  by  using  tho  modified  Irwin  technique 
(see  section  P/.l.e,),  Figure  Y-6  scherratically  shears  the  work  of 
fracture  distribution  due  solely  to  specimen  design  (denoted  by  tho 
solid  line). 

The  initially  low  values  for  the  work  of  fracture  result  from 
A  preponderance  of  damaged  filaments  in  the  apex  of  the  test  section. 
Figure  V-7  illustrates  the  type  of  damage  and  clearly  shows  the  frac¬ 
ture  was  Initiated  from  tho  damage.  The  filament  damage  is  a  result 
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Figure  V-6. 


Analytif'al  insroncntal  work-of -fracture  distribution. 


Figure  V-7 


SEM  fractograoh  (250x)  sho’vdng  tycical  filament 
damage. 


of  tho  non-unlfom  (on  n  fine  scale)  abrasive  cutting  action  of 
the  diamond  wheel.  The  dar.af^e  is  confined  to  a  depth  of  100  /4  rc 
and  is  neai'ly  uniform  alon,T  both  cuts  of  the  triangular  test 
section!  The  proportion  of  d3r'r;Gd  fllar.onts  is  nearly  100'*^  in 
tho  apex  and  drops  to  less  than  6^'  in  the  base  of  the  trian;^le. 

As  shovm  in  Flexure  V-7,  the  damage  can  bo  severe  and  has  a  narked 
detrimental  effect  on  the  local  work  of  fracture.  The  magnitude 
of  the  damaged  filament  effect  is  related  to  the  orouorticn  of 
damaged  fibers  and,  therefore,  is  greatest  in  the  apex  and  negli¬ 
gible  at  the  base.  The  dashed  line  in  Figure  V-6  represents  tho 
resulting  distribution  of  the  work  of  fracture  and  is  a  combination 
of  the  dam.ftged  filament  effect  and  tho  plane  stress-ulane  strain 
transformation. 

V ,D . 5 .  The  Anomalous  Yj  Distribution 

The  interpretation  of  tho  distribution  is  apparently  con¬ 
tradicted  by  specimen  Th5s  virgin  boron  composite  embodies 

two  maxima  in  its  distribution.  The  tvo  maxima  could  not  be 

explained  from  basic  principles,  therefore  an  SEM  fractograph  analy¬ 
sis  was  made  on  the  srecimen.  Figure  7-8  is  a  composite  figure  con¬ 
taining  the  complete  fracture  surface,  the  load  deflection  curve 
divided  into  region  of  crack  advancement,  the  incremental  V/OF  plotted 
as  a  function  of  crack  depth  (belovr  the  fractograph)  and  the  crack 
area  vs  crack  depth  relationship  plotted  above  the  picture.  The 
vertical  solid  lines  correspond  to  the  approximate  crack  extension 
limits  associated  with  each  load  drop.  Although  the  crack  front 
could  not  be  characterized  as  strictly  rectilinear,  the  lino  does 
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providd  a  feolini^  for  the  crack  boundaries. 

The  double  r-axln  aousar  in  the  3rd  and  5th  rcf'^ions  of  the 

surface  with  the  drop  in  Yi  In  the  4th.  The  4th  region  should 

be  the  area  of  highest  Y;  *  according  to  the  exulanation  in  sec- 

in-lb 

tion  V,D,4,  and,  therefore,  is  actually  more  than  a  75  in^  drop 
in  Yj  .  A  critical  observation  of  this  region  reveals  an  anoma¬ 
lous  fracture  appearance. 

The  area  corresponding  to  the  Yj  drot>  is  distiriqui  shable 
from  the  remainder  of  the  fracture  surface.  The  region  located  by 
the  intersection  of  the  vertical  line  bounding  regions  3  and  4  and 
the  horizontal  rddline  of  the  srociren  is  uniquely  devoid  of  nulled- 
out  filaments.  This  is  in  contrast  to  the  remainder  of  the  fracture 
surface  vlilch  is  characterized  by  pullout  averaging  five  filament 
diameter  in  length.  The  cause  of  the  drop  in  Y;  and  tha  lack  of 
pullout  is  presumed  to  be  a  result  of  excessively  high  inharfacial 
strength.  The  reason  for  this  localized  increase  is  unknown. 

If  this  condition  of  high  interfacial  strength  wore  not  present, 
the  drop  in  Y;  at  this  point  would  be  replaced  by  a  maximum.  There¬ 
fore  the  apparent  contradiction  of  the  theory  presented  In  section 
V.D,4,  results  from  an  extraordinary  bonding  condition  between  the 
boron  and  the  epoxy  and  is  iridependont  of  the  variables  controlling 
the  theory, 

y.D.6.  Fracture  Toughness  Plate  Specimen 

The  shortcomings  of  the  notched  bend  specimen  can  be  circum¬ 
vented  using  a  compact  tensile  specimen  (described  in  section  III, 
A.l.e.),  The  main  drawbacks  of  the  bend  specimen  include i  peculiar 
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stress  distribution  which  is  very  difficiilt  to  analyr.e,  filinent 
damage  resulting  from  mnchlning  the  test  section,  and  varying 
specimen  thickness  (the  plfir.'s  stress-plane  strain  transformation). 
The  compact  tensile  Sf-rcinen  has  boon  extensively  reviewed  by 
Brown  and  Srawley  (1968),  but  only  stress  distribution  data  for 
isotropic  materials  are  available.  One  advantage  is  that  the 
damage  due  to  machining  is  present  only  at  the  end  of  the  starter 
crack.  Preliminary  compact  tensile  specimens  were  fabricated  as 
described  in  section  III,  but  no  toughness  data  were  obtained.  The 
specimen  sivffered  from  poor  filament  alignment  and  lack  of  infiltra¬ 
tion  of  the  filaments  by  the  opoxy  resulting  in  gross  bubbles.  The 
filament  supply  was  exhausted  before  the  fabrication  technipxies 
were  perfected,  1  have  rcco'miendcd  this  specimen  design  for  futui’e 
fracture  toughness  studies  because  of  its  potentially  unambiguous 
results, 

V,E,  Fracture  Toughness  Theory 

I  am  proposing  a  new  theory  for  the  approximation  of  tho  work 
of  fracture  of  composite  materials.  The  theory  is  based  on  two 
experimental  observations.  The  first  is  deduced  from  tho  observation 
that  there  is  no  pre-fracture  debonding  bet-ween  the  filament  and  the 
matrixi  the  second  involves  fracture  and  the  fact  that  tho  matrix 
material  relaxes  away  from  the  filaments  thus  minimizing  the  nonnal 
force  and  frictional  force  between  the  filament  and  the  matrix , 

(This  has  never  be*»n  recorded  in  the  literature.)  These  two  observa¬ 
tions  essentially  refute  the  pullout  theory  of  Kelly  (equation  I-IO) 
and  the  debonding  theory  of  Cutwater  and  Kurphy  (equation  I-l?), 
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Tho  prosont  thnory  accounts  for  the  enorf^y  absorbod  in  croatlnj^ 
new  surfaces  durln^  the  fracture  of  a  conwosite  material  which  the 
others  don’t.  There  aro  three  typos  of  surfaces  created  durintj 
fracturei  1)  cross  sectional  filament  surfaces  resulting  from 
filament  fractures,  2)  cross  sectional  matrix  surfaces  resulting 
from  matrix  fractures,  and  3)  surfaces  created  between  the  filament 
and  the  matrix  as  a  result  of  Interfacial  failures.  Associated  with 
each  typo  of  surface  is  an  energy  needed  to  create  the  condition 
labeled  ‘surface  energy*  ’.rhen  no  irreversibilities  are  present  and 
‘work  of  fracture'  when  they  aro.  In  order  to  predict  the  total 
energy  absorbed,  it  is  necessary  to  account  for  both  the  area  created 
and  the  total  work  done  to  create  a  unit  of  that  area.  The  total 
energy  is  simply  the  sum  of  the  products  of  the  areas  and  their 
associated  energies. 

The  area  of  newly  created  filament  area  can  be  approximated  byi 

=  NTTd^/U  (V-2) 

>diere  K  is  the  total  number  of  filaments  fracturing  and  d  is  the  fila¬ 
ment  diameter.  This  assumes  a  planar  typo  of  filament  fracture,  and 
is  not  strictly  correct  for  the  double  conical  fracture  present  in 
the  boron  system,  Y^*  is  the  sxirface  free  energy  of  the  filament. 

The  second  type  of  surface  formed  Is  the  matrix  area  which  can  be 
approximated  by  the  equation 

"  ^nominal  “ 


-139- 


where  A-notinal  is  the  nominal  cross  sectional  area.  This  eqviatlon 
neglects  the  small  order  deviation  from  a  planar  fracture  surface 
such  as  branching,  parabola  formation,  etc.  The  work  of  fracture 
for  the  matrix  material  Yjj^  is  determined  experimentally  with  a 
suitable  specimen* 

The  third  type  of  neuly  formed  surface  is  by  far  the  greatest 
with  respect  to  the  dissioation  of  fracture  energy.  The  surface 
area  created  by  interfacial  fracture  and  subsequent  filament  pull¬ 
out  (with  near-zero  frictional  work)  can  be  aprroxirated  by: 

A.^  *  NTTdl  (v-^o 

where  £  Is  the  average  exposed  length  of  filament  on  both  halves 
of  the  fracture  surface.  If  the  filaments  fracture  randomly,  the 
average  length  of  exposed  filament  will  be  one-fourth  the  critical 
transfer  length,  since  the  longest  exposed  filament  will  be  one-half 
the  critical  transfer  length  and  the  shortest  will  be  zero  length 
(see  section  I.B.l,),  Kelly  (1970)  prouoses  a  theory  for  the  random¬ 
ness  of  filament  fracture.  He  states  that  if  the  elastic  strain 
energy  stored  in  the  matrix  at  the  time  of  fracture  time  is  much 
less  than  the  strain  energy  of  the  filament,  then  the  filaments  will 
break  randomly,  Kathercatically,  this  is  expressed  as; 

T  <  Ej  >^''2  (V-S) 

where  t  is  the  shear  strength  of  the  interface,  is  the  modulus 
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of  fllar.«;nts  '«flth  strcn-^th  ,  ard  Grt  Is  thf?  shear  modulus  of 
the  matrix,  Aprroxbuttj  values  for  the  boron  ccoxy  system  aro 
»  4.62  G!;/n2,  -  3.79  GIi/m2,  ar4  (Tf  -  3.00  GN/m^  and  the 

shear  strenijth  Is  required  to  be  less  than  0.311  GJi/m^,  The  high¬ 
est  observed  shear  strength  is  0,106  GI</m^  (Avco,  1972).  It  can 
be  assuinod  that  the  filaments  fail  in  a  random  fashion  as  fracto- 
graphic  evidence  would  corroborate.  Equation  V-4  becomes 


The  energy  associated  with  the  interface  is  .  The  total  energy 

consumed  is  equal  to 

-  «Trd^/4)Y„  +  llTTdil  (V-7) 

total  I  noa  m  c  11 

The  work  of  fracture  is  defined  as  simply  the  total  energy  dlssirated 
divided  by  the  area  of  dissipation  or: 


^  ”  ^total^  ^nom 


(V-8) 


The  ncnlnal  (or  cross-sectional)  area  can  be  accounted  for  in  the 
definition  of  volitme  fracture  filament: 


V-  =  If7rd^/(U 
x  nom 


(V-9) 
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Rearrant^ing  givesj 

=  HTTd^/  Uv  (V-10) 

noci  t 

Substituting  equations  V-7»  10  into  equation  V-8  glvesi 

°o  =  2Y  =  VjYj.'  (l-vpr_^  ♦  (V-U) 

Tho  definition  of  the  critical  transfer  length  equation  (1-6) 

*  ad/2T  (y-12) 

can  be  incorporated  into  V-11  giving i 

=  2y  -  v^Y^’  +  (l-Vf)Yjj^  +  (V-13) 

In  order  to  approxis^ate  tho  work  of  fracture,  y.^  must  be  known. 
The  following  sample  argument  is  advanced  to  approxinate  the  value 
of  with  the  matrix  toughness  in  an  uncoated  boron  epoxy- 

composite.  If  tho  Interfacial  surface  energy  were  much  less  than 
the  matrix  surface  energy,  the  interface  would  fracture  along  the 
filament  simply  from  the  Poisson  effect.  Conversely,  if  the  Yj^^.  vrere 
greater  than  Yjjj  the  filament  would  be  coated  with  adhering  matrix 
matezdal  after  fracture,  which  the  fractographs  never  reveal.  From 
these  arguments,  tho  first  approximation  of  Y^^  is  Y^^  and  equation 
V-13  becomes 

=5  2Y  *  v^Yf'  + 


(V-14) 
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yj  is  generally  much  snaller  th^n  Ym  anrl  whon  multiplied 
by  a  fractional  number  bocomos  insii^nificant  and  can  bo  disregard¬ 
ed.  In  tho  boron  epoxy  syston,  y^  -  3,5  j/m^  (O.OI85  in-lb/in^) 
and  Y«  "  2.6  KJ/n^  (15  in-lb/ln^),  The  final  approximation  equa¬ 
tion  for  tho  work  of  fracture  for  an  uncoated  cenoosito  material  isi 

=  2y  =  (d-v^)  + 

A  similar  theory  can  bo  developed  for  an  intermittently  coated 
composite,  as  long  as  the  interfaelal  enei’gies  of  the  coated  and 
uncoated  regions  are  differentiated.  The  energy  of  tho  uncoated 
segment  is  assumed  to  be  equal  to  the  energy  of  the  matrix  as  before. 
The  intermittent  theory  is  described  mathematically  asi 


2Y  =  (1-Vf 

c 


f  )Y„  ♦  d/SVlf 

uc  c  c  uc 


(V-16) 


if  the  coated  length  is  greater  than  tho  coated  critical  transfer 
length  1q,  If  the  coated  length  Lq  is  less  than  1^,,  tho  average 
exposed  length  will  be  Lq/Z  and  the  contribution  for  the  coated 

segrrtent  will  be  v^  rather  than 

^'’c  c  c  c 

Tho  following  table  conpares  the  four  theories  of  fracture  tough¬ 
ness  based  on  the  experimental  data  obtained  In  this  research.  The 
required  data  for  tho  uncoated  boron  epoxy  system  includes* 

Oj  -  430  ksi  (2.96  CN/m^),  =  55  Msi  (380  GN/m^),  T  =  10  ksl 

T  ■  69  MN/m^,  Vj  *»  0.42. 
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tho  ci'itlcAl  tranntor  Ic  Is  .OR*^  In  (2.18  nm).  For  tho 

Outvwter-lAirchy  Thoory,  a  ■'mIuo  of  i  Iq  will  be  assuncd  for  D 
(sec  section  I.D,2.)»  The  woi*k  of  fracture  for  the  eooxy  will  be 
assumed  to  be  15  in-lb/ln^  (2, 67 


TABLE  V-3 

Comiwrison  of  the  Four  Touyhness  Theories 
for  Conposite  Materials 


Theory 

Formula 

Prediction 

In-lb 

Exuerim? 

In-lb 

ln2 

(M) 

in2 

(KJ) 

rn? 

Kelly 

(sec.  I.D,2.) 

1300 

(228) 

199 

(35) 

Cutwater- 

Hurphy 

(sec.  I.D.2,) 

61 

(10.5) 

199 

(35) 

Rela-xation 
(sec.  I.D,2.) 

“0  ' 

(7) 

199 

(35) 

Marston 

Inter  facial 
Energy 
(sec.  V.S.) 

°c  =  < 

162 

(29.0) 

199 

(35) 

For  each  composite  system,  there  is  a  predominant  energy  dissipa¬ 


tion  nechardem  contrtbuting  to  the  work  of  fracture.  This  does  not 
nean  that  it  Is  the  only  operating  mechanism.  In  the  glass -polyester 
system  (fiberglass),  the  oredominant  mechanism  is  debonding  (see 


Table  I),  but  the  relaxation  phenomenon  Is  also  absorbini^  cnorpy. 

It  io  not  po;;siblo  to  have  both  the  debord  rrcchar.lsn  and  the  surfaco 
cnen^  mcchanlsn  act  In?:  in  ono  systcn,  because  they  both  account  for 
fracturin'^  the  Interface ,  In  the  borcn-epoxy  system,  the  major 
energy  dissipation  is  the  surface  enerpy,  but  relaxation  is  also 
present.  Debonding  and  pullout  are  not  effectual  as  discussed  in 
section  V,E,  p.  137.  The  total  work  of  fracture  for  the  boron  epoxy 
composite  should  be  the  sum  of  the  energies  dissluatsl  by  the  forma¬ 
tion  of  ne’<%'  surfaces  and  the  relaxation  cf  stresses.  From  Table  /-3i 
the  sun  is  (l6z  in-lb/in^  +  in-lb/in^)  =  ”02  in-lb/ln^  T.diich  is 
vrithin  Zfi  of  the  measured  value  of  199  in-lb/ In^. 

This  approach  of  accounting  for  all  the  various  mechanisms  can 
be  applied  to  the  carbon  polyester  system.  This  system  is  chosen 
for  two  reasons;  the  first  being  the  principal  energy  dissipation 
mechanism  is  filament  pullout  (In  contrast  to  the  boron-epoxy  system) 
and  the  second  belr^g  the  availability  of  information  as  a  result  of 
P.V.'.?.,  Beaumont’s  data  (Harris,  ct  aT, ,1971),  which  are:  (Tf  ^ 
1.58  Gt/m2  (2^^9  ksi),  Vf  =  Ef  =  360  GK/m^  (52  msi).  l^/d 

120,  d  =  8/4.71  (.0032  in),  r  -  20  (4.3^  ksi).  K  (polyester)  = 

1.32  KJ/n^  (McGany,  I968),  (4.0  in-lb/in^),  and  =  3^  (ifj/m^ 

(194  in-lb/in^). 

Since  the  principal  contributor  to  the  work  of  fracture  is  due 
to  pullout,  the  Kelly  equation  for  this  system  ist 

Y  =  VJJJL  /2k  =  O.U  X  1.6X10^  X  120  X  8X10"^ 
f  f  C  ; - ^ 

=  25.6  XJ/m^ 


(V-17) 


CKAFTF:-i  VI 


Conclusions 

1. -  The  fracture  toa^hness  Gc  of  the  epoxy  mtrix  material  Epon  8z8 
with  25  uph  Shell  Z  hardener  can  be  acoroximated  from  unnotched 
tensile  tests  usir^  fracto^;raphy  to  measure  the  flaw  size  ard  the 
Griffith  analysis  for  brittle  materials.  The  value  is  1,7  kJ/m^, 

2. -  An  integrated  average  modulus  is  more  approcriate  for  fracture 
toughness  calculations  for  non-linear  elastic  materials  such  as 
epojqr  or  cast  iron  rather  than  the  traditional  initial  tangent 
elastic  modulus , 

3. -  The  fracture  strain  of  comoos ites  containing  a  higher  percentage 
of  filaments  than  the  critical  volume  percent  is  an  inverse  function 
of  the  intorfacial  shear  strength  T  but  is  bounded  up-'ords  by  the 
average  filament  fracture  strain  , 

4. -  A  silicon  vacuum  grease  (SVG)  coating  effectively  reduces  the 

interfacial  bond  between  the  boron  filament  and  the  epoxy  matrix 
resulting  in  a  reduction  of  the  shear  strength  from  a  virgin  value 
of  approximately  67,5  MN/n^  (9.8  ksi)  to  a  coated  shear  strength 
value  of  3.1  (0,45  ksi), 

5. “  The  intermittent  bond  concept  is  a  viable  means  for  improving  the 
tensile  properties  of  a  boron-epoxy  composite.  The  average  fracture 
strain  of  the  intermittently  coated  composites  is  135/^  of  the  average 
fracture  strain  of  the  uncoated  camposite  and  is  equal  to  the  average 
filament  fracture  strain, 

-146- 


-147- 


6,-  Tho  fracturo  strain  of  thu  int.cr:nibbonb]y  cobbed  co.-iponitos  Is 
Insonsibivo  bo  bhe  porcenb  of  co.ibed  flLai.ienbs  in  bho  ran^o  from 
to  82*^  coated  because  the  fracture  strain  is  bounded  by  the 
average  filanent  fracturo  strain. 

7«-  The  scanning  electron  nicroscopo  (SSi)  is  the  most  successful 
means  for  investigating  cor.posito  fracture  surfaces  because  of  the 
Intrinsic  depth  of  field  of  tho  nachino.  From  SFH  fractography, 
tho  fracturo  sequence  in  both  coated  and  urcoatad  cemuonites  is 
deduced  as  being  that  the  fracturo  proceeds  from  filament  to  filanent 
hy  way  of  a  matrix  fracture  rather  than  directly  from  filament  to 
filament, 

8, -  Tho  fracture  toughness  Gc  of  a  boron  epoxy  composite  is  more 

than  an  order  of  magnitude  greater  than  the  weighted  sum  of  the 
toughness  of  its  constituents.  The  average  Cc  for  virgin,  42^  volume 
filament  comosite  is  34.8  KJ/m^  (199  in-ln/in^),  and  the  fracturo 
toughness  of  tho  eporcy  matrix  is  2.64  KJ/n-  (15  in-lb/in^)  and  the 
fracturo  toughness  of  boron  is  less  thixn  3i25  (0,0185  in-lb/ln^). 

9, -  Linear  elastic  fractiire  mechanics  (LSFM)  is  useful  for  predictir.g 
tho  toughness-strength  relationship  as  long  as  the  strength  is  mono- 
tonically  increasing  and  the  strength  is  less  than  the  ROM  strength, 
which  is  tho  upper  bound  for  conposito  strength.  If  these  criteria  are 
not  met,  the  toughness  is  inversely  proportional  to  the  strength, 

10, -  Tho  fracture  toughness  of  boron  epoxy  is  not  strictly  a  function 
of  the  Interfaclal  shear  streagth  as  oredicted  by  the  pullout,  debond¬ 
ing  and  relaxation  theories,  but  a  combined  function  of  the  inter- 


facl.tl  f^hoar  atrgnr^th  ard  the  fractiire  ener;;y  of  the  interface. 


11, -  The  fracture  toTir:hne:Ji-;  ccntrlVjution  fron  inturfacial  f;nci-;-*y 

dissipation  in  a  uniforn  bend  strength  composite  Is  apcrcxlmted 
kqr  the  equation 

0^  =  (1-Vj-^v//2T)y^ 

where  is  volume  uercent  filaments,  is  tho  averajje  filament 

strength,  t  is  the  interfacial  shear  strength  and  Y,^  Is  tho 
energy  needed  to  fracture  a  unit  area  of  tho  interface.  The  Y^^^ 
for  an  uncoated  boron  epoxy  cemnosito  can  be  apuroximted  by  the 
fracture  tcu :;hness  of  tho  matrix  Y^j^  , 

12, -  The  intcrfaclal  energy  contribution  of  an  intemittently  coated 
composite  Is  controlled  by  both  tho  shear  strengths  and  the  inter¬ 
facial  energies  of  the  coated  and  uncoated  regions,  Tho  toughness 
of  the  intermittently  SVG  coated  boron  enoxy  connosites  was  less 
than  that  of  the  as-recoived  filaments  comnesites,  since  the  Y^^  was 
reduced  to  a  greater  degree  than  the  shear  strength, 

13# -  The  fracture  toughness  of  a  comuosite  material  reflects  the 
combined  total  dissipative  mechanisms  of  interfacial  fracture  (or 
debonding  deoending  upon  the  ratio  of  the  filament  fracture  strain 
to  the  matrix  fracture  strain),  relaxation  of  the  stresses  and  fila¬ 
ment  ptullout.  Acknowledging  all  these  contributions  (which  has  not 
previously  been  done),  the  toughness  of  boron  epoxy  composites  is 
predicted  to  within  3^  of  the  experimental  value  and  the  fracture 
toughness  of  carbon-polyester  composites  is  predicted  to  within  4,7*6, 
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14,-  Tho  notched  three  rolnt  bend  npecinen  is  not  the  ideal  spocinen 
design  for  conoosito  fracture  tour^hness  measurenent.  The  values 
obtained  with  these  suecimers  are  affected  by  tho  increasing  section 
thickness  of  tho  test  section  and  dam^.ge  incurred  during  the  fabri¬ 
cation  process.  Local  fracture  toughness  values  can  be  three  tines 
as  high  as  the  integrated  average  value. 


CHaPTE:i  VII 


Roconnendatior.s  for  Future  Research 

The  shortcomings  of  the  notched  threo-ooint  bend  suecirens 
for  making:  fracture  toun:hner5  measurements  are  discussed  in 
Chapter  VI  and  su^nicstions  for  new  spocinen  design  are  in  order. 

The  compact  tensile  specimen  (also  called  the  comr-osite  elate 
specimen)  has  been  described  in  section  III.A.l.o,  and  its  advan¬ 
tages  will  be  summarized  below.  The  filament  spacing  can  be  care¬ 
fully  controlled  and  no  handling  of  coated  filament  is  required. 

The  stress  state  of  the  tensile  specimen  closely  apnroximates  that 
of  a  cracked  comocsite  skin  section  under  tension.  There  is  no 
thickness  change  as  the  crack  propagates,  and  more  importantly 
filament  damage  is  restricted  to  the  end  of  the  starter  crack.  One 
suggested  change  in  the  original  design  is  to  machine  the  starter 
notch  with  as  thin  a  diamond  wheel  as  oossible  in  order  to  approxi¬ 
mate  a  natural  crack.  One  problem  in  this  specimen  design  is  the 
presence  of  transverse  cantilever  stresses  due  to  the  finite  size 
of  the  specimen  (see  Atkins  et  al,,  1972).  It  nay  be  necessary'  to 
strengthen  the  specimen  in  the  transverse  direction  with  a  cross- 
plied  outside  layer.  The  rreliminary  specimen  refinement  should  be 
conducted  with  commercially  available  Preoreg  taoe  to  save  time, 

A  second  possible  soecimen  design  is  a  composite  in  the  form 
of  an  internally  pressurized  cylinder,  Tho  tuba  can  be  wrapped  on 
a  polymeric  mandrel  with  the  present  apparatus ,  The  filament  spacing 
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can  ba  aocuratoly  controlled  and  handlim:  of  the  filament  is  af^.iin 
unnece^naiy,  Cno  ad/anta^c  of  this  spocinon  is  tho  variety  of 
stress  states  available  by  sinoly  varying  tho  ratio  of  axial  to 
hoop  stress  ratio.  Adequate  testing  apparatus  is  also  available 
through  the  Mechanical  Engineering  Department  at  The  University  of 
Michigan. 

The  interfacial  energy  theory  (see  section  V.E.)  clearly  dcncn- 
strates  the  importance  of  the  intorfacial  surface  energy  with  re¬ 
spect  to  fracture  toughness  of  connosito  materials.  The  fracture 
toughness  results  of  Chanter  IV  clearly  reveal  that  SVG  reduces 
tills  energy  proportionately  nore  than  it  reduces  tho  interfacial 
shear  strength.  I  an  suggestir^g  that  tho  shear  strength  criterton 
of  Chapter  II  be  relaxed  and  less  effective  bond  reducers  be  tested. 
Graphite  would  bo  one  possible  candidate  (see  Hullln  ot  1970). 

Coating  naterials  should  be  screened  using  a  fracture  toughness  test 
rather  than  a  tensile  test.  Once  tho  coatings  are  selected,  a 
tonsil©  tost  pregran  using  intcrnittently  coated  filament  should  be 
conducted. 

The  bend  toughness  test  is  generally  conducted  at  very  low 
strain  rates  because  of  limitations  in  the  cross  head  velocity  and 
load  deflection  measuring  devices.  The  effect  of  high  strain  rates 
can  be  deduced  from  the  instrumented  Charpy  impact  test.  This  tost 
has  proved  to  be  a  valuable  means  of  fracture  toughness  testing  of 
metals  at  high  strain  rates.  It  would  be  ideal  for  testing  Inter¬ 
mittently  coated  composites.  Work  by  Ireland  and  Wullaert  (1972) 
should  be  investigated  before  a  decision  is  made  to  acquire  or  build 
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an  Instrunentod  Chariiy  rTiachinr*,  The  rrachlnt?  is  not  restricted  to 
metals  cr  composites,  biit  Is  ideal  fer  polymers,  ceramics,  etc* 

I  am  sugf^RStini?  that  new  materials  should  be  tested  to  further 
evaluate  the  fracture  tour:hness  theory  presented  in  Chapter  V, 

Two  systems  from  which  valuable  infcrmatlon  can  be  derived  are  the 
carbon  (or  graphite)  flber-epo>p,'-  system  and  the  glass  filament- 
polycstor  system.  Both  composites  are  relatively  inexpensive, 
easy  to  fabricate  end  are  commerciall3’-  important.  The  intermittent 
bond  concept  should  be  applied  to  the  carbon-epox^'  composite,  but 
In  reverse  to  tho  boron-opoxj’’  sj'stcm.  The  as-received  carbon-epoxy 
interfacial  bonding;  is  vreak  ar-d  a  coating  or  surface  treatment  is 
needed  to  produce  the  requisite  high  interface  strength  regions 
along  the  fibers.  This  would  require  tho  designing  of  new  equipment 
for  the  treatment  and  fiber  handling. 

Knowledge  of  tho  interfacial  surface  energy  is  necessary  for 
the  prediction  of  fracture  toughness  values  in  composites.  A  suit¬ 
able  test  must  be  designed  to  quantify  the  interfacial  energy  of  both 
coated  and  uncoated  filaments.  A  refinement  of  the  pullout  test 
(section  III.A.l.)  is  a  possible  aoproach  to  this  test. 

Considerable  commercial  interest  is  concentrated  on  the  high 
temperature  (300-400®  F)  effects  with  respect  to  the  tensile  proper¬ 
ties  and  fracture  toughness  of  composite  materials.  The  recently 
acquired  Instron  environmental  chamber  facilitates  testing  at  temper¬ 
atures  below  200  C  (400®  F).  Lower  temperatures  (below  KT)  way  prove 
to  be  a  means  for  synthesizing  high  strain  rate  effects  in  composite 


materials , 
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All  of  tho  tonsils  tflstn  cojriuctcd  In  th\s  ros^r’.rch  aro  of 
th'3  low  value  fraction  filanont  variety  ar^d  the  conpoaito  frac¬ 
ture  strain  is  used  as  the  norit  index.  It  Is  assunod  that  an 
Increase  Infracturo  strain  will  bo  acco:noanled  by  a  proportional 
increase  in  fracture  strain  will  bo  acco.-npanled  by  a  procortional 
utilized.  The  prodxictlon  of  high  volurie  fi-action  filament  com¬ 
posites  with  intormittontly  coated  filaments  would  pi'ovo  (or 
disprove)  the  assumption  and  permit  strength  to  be  used  as  a  merit 


index 


TABLE  1-A  Epoxy  Tensile  Properties 
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APFSli>lX  A 

tabu:  2 

As-Hecelvcd  Konolnj’er  Eoron-Evicxy  Tensil.e  Properties 


Specinen 

Strain 

Strength 

MK/n2  ksi 

Modulus 

GK/n^'  10^  psi 

K-1 

.658 

72.4 

10.5 

11.0 

1.60 

M-2 

.670 

74.4 

10.8 

11.0 

1.60 

M-3 

.430 

52.8 

7.7 

11.0 

1.60 

K-4 

.560 

62.0 

9.0 

11.0 

1.6q 

M-5 

.610 

67.4 

9.8 

11.0 

1.60 

H-6 

.468 

55.0 

8.0 

10.8 

1.^ 

M-7 

.616 

63.8 

10.0 

10.4 

1.51 

M-8 

.448 

57.5 

8.3 

12.8 

16.9 

H-9 

.6i»8 

66.7 

9.7 

10.4 

15.1 

M-10 

.576 

64.3 

9.4 

10.9 

15.5 

H-n 

.580 

68.4 

9.9 

11.9 

17.3 

K-12 

.612 

68,3 

9.9 

10.7 

15.6 

K-13 

.642 

72.4 

10.5 

n.o 

16.0 

M-14 

.565 

67.6 

9.8 

11.1 

16  1 
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AFPKiODTX  A 
TAELS  3 

Tensile  Properties  of  Intorr-ittently  Cos.ted  Conpositos 

iipoclr.en  f  Strenn:tH  Modulus 

(vf  ^i)-i;o,  ^  MN/n^  (•‘—1)  Gh/m^  (x  10^'  pr,i) 


38-1 

0.700 

74.18 

10.75 

10.83 

1.57 

38-2 

0.735 

67.93 

9.85 

10.69 

1.55 

38^3 

0.780 

76.55 

11.10 

10.69 

1.55 

38-4 

0.875 

76.55 

11.10 

10.76 

1.56 

45-1 

O.8I5 

75.17 

10.90 

11.03 

1.60 

45-2 

0.820 

74.83 

10.85 

11.03 

1.60 

45-3 

0.775 

78.28 

11.35 

10  M 

1.52 

45-i^ 

0.785 

74.83 

10.85 

10  M 

1.52 

50-1 

0.820 

86.89 

12.60 

10.55 

1.53 

50-2 

0.760 

81.38 

11.80 

10.34 

1.50 

50-3 

0.710 

80.00 

11.60 

11.03 

1.60 

50-4 

0.710 

78.62 

11.40 

11.03 

1.60 

50-5 

0.760 

77.24 

11.20 

10.00 

1.45 

50-6 

0.725 

74.48 

10.80 

11.03 

1.60 

50-7 

0.700 

72.75 

10.55 

10.34 

1.50 

55-1 

0.710 

77.24 

11.20 

11.03 

1.60 

55-2 

0.825 

79.31 

11.50 

10.69 

1.55 

55-3 

0.745 

73.79 

10.70 

10.34 

1.50 

55-ii 

0.850 

75.51 

10.95 

11.03 

1.60 

65-1 

0.785 

80.00 

11.60 

10,69 

1.55 
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TAbLE  3»  contd. 


Specinen 

(vf 

f 

Strenf^th 

MN/ra^  '  (ksi) 

Modultis 

(x  ic6  rsi; 

65-2 

0.780 

81.03 

11.75 

10.34 

1.50 

65-3 

0.7^'0 

8I.03 

11.75 

11.03 

1.60 

65-if 

Cfo\CK?D 

DUrilKG  bE:- 

iOUjll.G 

75-1 

0.945 

10.00 

10.34 

1.50 

75-2 

0.890 

77.24 

11.20 

10.34 

1.50 

75-3 

0.830 

78.62 

11,40 

10.34 

1.50 

75-4 

0.770 

77.58 

11.25 

10.34 

1.50 

75-5 

0.730 

73.79 

10.70 

10.34 

1.50 

75-6 

0.670 

68.28 

9.90 

10.34 

1.50 

75‘-l 

0.780 

74.14 

10.75 

10.83 

1.57 

75*-2 

0.760 

71.72 

10  M 

10.69 

1.55 

81-1 

0.840 

74.83 

10.85 

10.34 

1.50 

82-2 

0.775 

71.72 

10.4 

10.3^^ 

1.50 

82-3 

0.715 

77.24 

11.2 

11.03 

1.60 

82-4 

0.735 

73.10 

10.6 

10.34 

1.50 

Indicate  1/d  -  50  rather  than  l/d  «  100, 
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APPELDIX  A 


TABLE  V  SEM  Fixtures 


FI5,  No, 

Neratlve 

No. 

Maf’nificatlon 

Tilt 

Accoloratina; 

Voltace 

KV 

B'-2 

6S?8 

X 

20° 

15 

-13 

3141 

400  X 

41 

5 

2525 

750  X 

26 

15 

-15 

2770 

1000  X 

15 

15 

-16 

■3Vi6 

300  X 

45 

15 

-17 

5153 

1300  X 

10 

25 

-13 

259S 

30  X 

24 

5 

-19 

2321 

300  X 

23 

15 

-20 

7014 

750  X 

30 

15 

-21 

2327 

150  X 

24 

15 

-22 

2328 

1500  X 

24 

15 

-23 

3143 

200  X 

41 

5 

-24 

7020 

80  X 

17 

15 

-27 

2523 

500  X 

23 

15 

-28 

2522 

700  X 

29 

15 

-29 

6452 

3000  A 

45 

15 

-30 

6453 

3000  X 

45 

15 

-31 

2327 

500  X 

28 

15 

-32 

2589 

1000  X 

45 

15 

-33 

2590 

4500  X 

45 

15 

-34 

3084 

900  X 

25 

5 

-35 

3079 

900  X 

26 

5 

-36 

7356 

1000  X 

41 

15 

-a6> 


TAB1!:Y,  contd. 


Fig,  I'lo. 

Kogative 

I'io, 

Hagnification 

Tilt 

iicceicrci'tj 
Volt  arte 
KV 

-37 

5^97 

650  X 

36 

15 

-38 

6455,  7.  B 

45  X 

42 

15 

-39 

5702 

250  X 

0 

25 

-40 

515^^ 

400  X 

45 

15 

V-i 

5473 

250  X 

45 

25 

-2 

5464 

1000  X 

35 

25 

-16 


Equation  for  Line  A 

=  0  «  (1  -  V  ) 
cm  1 

"Matrix  +  Poles" 

Equation  for  Line  B 

a  =  (1  -  v,)a  ^  +  v„a  * 

C  1  ffi  11 

"Matrix  +  Filaments" 


'^CRIT  defined  as  the 


Rearranging  gives 

a  *  -  a  ^ 

V  =  -2 _ I2_ 

GRIT  ^  *  ^1 

a  -  a 
m  m 


For  the  Boron-Epoxy  System 
0^*  =  h30  ksi 


a  =10  ksi 
m 


a  ~  3.^*8  ksi 
m 


10  -  3.U6 

'^CRIT  '  ^30  -  3.^*3 


%  =  1.58$ 
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Appendix  B-2 

Exporinental  Dotermination  of  Gc 
(From  Irwin,  I962) 


Fixed  grip  condition  exist 
e.g.  dL  =  0 

6 A  =  +5A  (Unit  Thickness) 

Strain  energy  U  H  ~  •  Xe  • 

Define  =  Ita  (u^  -  U^)  =  -  ^ 

5  A  0 

U=|xe  =  |x(xi)  (1) 

1/k  =  compliance  X  =  ^ 

Defferentiate  (l)  w.r.t.  A 

^  =  i  (x/k)  —  (2) 

3A  2  8A 

We  know  that  L  =  constant  =  X/k  (3) 

Differentiate  (3)  w.r.t.  A 
1 


Sutstituting  (I4)  into  (2) 


9U  1  (T  -  i  y2 

”  2  dA  "  ’  2  ^ 

^  i  y2  ^ 

°Ic  “  "  3A  "  2  ^  3A 


^_± 

9A 


^  .U/itl  Can  te  determitiGd  experimentally  by  measuring  (l/k);  at 
dA 


various  A. 
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Appendix  B  -  3 
Gurney  Method  (196^) 
(graphical  representaion) 


In  the  simplest  case,  the  quai-static  crack  propagation 
X  -  6  trace  will  follow  a  constant  G  line  as  shown  above. 
The  fracture  toughness  can  be  determined  from  the  following 
relationship: 

Q  =  Sector  Area  (  cross-hatched  region) 

“  M  (  change  in  crack  area) 
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Appendix  B  -  U 

Dcvclojinont  of  the  pullout  equa- 
ation. 

(see  Kelly,  1971) 

Assumptions: 

Shonr  stress  T  is  numerically  equal  to  the  interfacial 
shi ar  strength  and  is  maintained  during  extraction  of  the 
filament . 

Filaments  fracture  randomly. 


Work  of  extraction  (pullout)  for  one  filament: 
w  =  Fd 

F  =  Tird(L  -  x) 

V  =  /  Tir  d(L  -  x)  dx  from  0  to  L 
=  TTTdLx  -  TTrdx^/2  from  0  to  L 
=  TTrdL^/2  ( 

Total  work  is  the  s\mi  of  (l)  over  all  filrx  ents  li. 

S5  NTTrdL^/2 

From  the  definition  of  the  volume  fraction  filament. 

=  Rird^/liA  where  A  is  the  cross-sectional  area 
H  =  v^Uk/vd^  ( 

Total  work  V?  is  hy  combining  (l)  and  (2) 

W  =  2v^TL^/d 

The  average  length  L  of  pulled— out  filaments  is 
W  =  v^Tl^^/8d 

From  the  defintion  of  the  critical  transfer  length. 

1  =  ad/2T 

c 

and  the  definition  of  work-of-fracture 

Y  *  W/2A 

The  work-of-fracture  becomes 

Y  =  v^0l^/2U  . 
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Arrucndix  B-5 


fjRriv^it.lon  of  Kho  'Jo^'or.din'j:  Theo^'y 


(Outwutor  and  M’jrohy,  196?) 

Afisimpt.lon  - 

"squato  the  onorpy  of  aoi:ondin:^  vi,th  the  elastic  energy  stored 
in  the  fiber  nfter  debording. 

If  debordirg  occurs  over  c-  length  :c,  the  strain  cnorry  in  the 


fila.cient  Is 


W  « 


V'' 


f 


(CT-  k  x/'l)  dx 


(1) 


The  naximun  value  of  this  work  occurs  if  O  reaches  the  filament 
breaking  strength  o  \;hlch  occurs  at  a  distance 


X  =  da^/  liT 

s'lbstituting  (2)  into  (l)  and  Integrating  gives 


(2) 


’'d  =  2^"  =  .dVpEJv/ai* 

=  Tra^d^x/2l»E 

(X  and  D  aro  used  eqi?ally  in  the  literature.) 

This  is  for  one  filament  and  if  the  ViD  is  svmimed  over  N 


'I  *  "total/  ^  =  Vf^/ 


filaments 
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Apnen-iix  B  -  6 

Derivation  of  the  Btross  Relaxation  Theory 
(Beaunont,  1972) 

The  anount  of  stress  relaxed  or  strain  enerffy  lost  to  the 
matrix  fron  the  filament  is  f  oe  (^<here  cf  is  the  average 
stress)  and  it  acts  over  a  distar.co  of  2  (|  Ic)  see  Fig.  1-9. 
Therefore,  for  cash  filament 

=  (Trd^/l4)(l/2)(o^/i:^)(<I^/2)(lil^/3) 

=  TiW/ 

Summing  over  N  filaments 

=  (v^W  7rd^)(  12E^) 

^«=v/V2e, 
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Appendix  B  -  7 

Vai'ietble  VJidth  Pul^e  Generator 
(timer  circuit) 


Astable  Oscillator  Circuit 


Decade  Divider  Circuit 
(each  7^90  divides  by  ten) 


tfvfc  *rvoc.  tsv*** 


Differentiator  Circuit 


0 
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Monostablo  Vibrator 
Circuit 


Calibration  Data 


1/frequency 

Width 

XI 

3o9  -  39  CIS 

XI 

0,2  -  k.2  ms 

XIO 

39  -  390  ms 

XIO 

2.0  -  55  ns 

XlOO 

.39  -  3.9  s 

XiOO 

20  -  61<0  ns 

XIOOO 

3.9  -  39  3 

XIOOO 

0.2  -  7  s 

/ 


Solid  State  Relay 
(for  air  valve) 
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Appondlx  fl-H 

Table  oi  Conversion  Factors  and  Hultlullors 
Conversion  Factors 

1  ON/b* . 145,037  lb/in2 

1  MiJ/ra2 .  145.037  lb/ln2 

Iv?  . 15'>9.997  ln2 

IJ  . . 8.856  in-lb 

1  kJ/n^  .  5.714  in-lb/in2 

I  N  . . . .  9.807  kg  (sea  level) 

1  kg/nn^  .  1422.330  Ib/ln^ 

1  m-kg  ...«•••  .  .  86.614  In-lb 

1  in-lb/in^ . .  2.71  X  10^  ergs/cm^ 

1  Ns/m^  .  .......  10  poises 

1  dyne/cm^  1.450  X  10  ^  Ib/in^ 

. .  1  g/cc  0.03612  Ib/ln^ 

1  ra^/s^ . . 4  X  10"^  in 

Multiplier  (3.1.  Units) 

Symbol  Prefix  Multiplier 

T  tetra  10^ 

G  glga  10^ 

M  mega  10^ 

k  kilo  10^ 

m  Bdlll  10“3 

jiL  micro  10“^ 

n  nano  10”^ 

p  pico  lO"^ 
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